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OSMOSENSING

As inhabitants of natural and artificial aqueous environ-
ments, bacteria survive dramatic changes in extracellular os-
molality (for definitions of terms used in this review, see the
glossary in Table 1). For example, soil bacteria survive periods

of low and high rainfall, uropathogens survive urine concen-
tration and dilution, and industrial organisms tolerate concen-
trated nutrient solutions as well as the extracellular accumula-
tion of metabolic products. Bacteria respond both passively
and actively to changes in the osmolality of their environment
(Fig. 1 provides a summary of this phenomenon as it occurs in
Escherichia coli).

Since the water permeability of the cytoplasmic membrane is
high, imposed imbalances between turgor pressure and the
osmolality gradient across the bacterial cell wall are short in
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duration. Changes in cell structure, organization, and compo-
sition that result from transmembrane water flux (Fig. 1, left
column) trigger and are modulated by physiological responses
(Fig. 1, right column). Bacteria respond to osmotic upshifts in
three overlapping phases: dehydration (loss of some cell water)
(phase I), adjustment of cytoplasmic solvent composition and
rehydration (phase II), and cellular remodeling (phase III).
Responses to osmotic downshifts are not yet well character-
ized, but they are also likely to proceed in three phases: water
uptake (phase I), extrusion of water and cosolvents (phase II),
and cytoplasmic cosolvent reaccumulation and cellular remod-
eling (phase III). Many of the cellular responses triggered by
osmotic stimuli occur in parallel. Limited experimental evi-
dence for sequential osmoregulatory processes (discussed be-
low) offers insights into osmosensory mechanisms.

Modulation of cytoplasmic solvent composition is the only
response that is known to reverse the growth-inhibitory effects
of osmotic shifts on bacteria. The following principles govern
this process as it occurs in diverse bacteria, both gram positive
and gram negative. (i) The concentrations of certain cytoplas-
mic solutes increase and decrease in response to osmotic up-
and downshifts, respectively. (ii) There is a hierarchy of pref-
erence among the solutes that accumulate in response to an
osmotic upshift. Particular zwitterionic organic cosolvents such
as ectoine and glycine betaine are selected for this role over
inorganic solutes such as K1. (iii) Osmoregulation of uptake,
efflux, biosynthesis, and/or catabolism is required to modulate
the cytoplasmic levels of these osmoregulatory solutes.

The genes and enzymes responsible for modulation of os-
moregulatory solute levels have been identified in diverse bac-
teria. The mechanisms by which bacteria sense osmotic shifts
(osmosensory mechanisms) and the basis for osmoregulatory
solute selection are still poorly defined, however.

Chemosensors exploit the specificity of ligand-receptor in-
teractions to detect the biochemistry of cellular environments,
including both changes in nutrient supplies and signals with
biological origins (Fig. 2). An osmosensor is a device that
detects changes in extracellular water activity (direct osmo-
sensing) or the resulting changes in cell structure (indirect
osmosensing). In contrast to chemosensory mechanisms, os-
mosensory mechanisms cannot be based on stereospecific
ligand-receptor interactions that occur at specific sites in re-
ceptor molecules. Instead, osmosensors are likely to be mac-
romolecules that undergo changes in conformation and/or
oligomerization in response to solvent changes or ensuing me-
chanical stimuli (Fig. 2). Our current knowledge suggests that
osmosensors are located in the cytoplasmic membranes and
nucleoids of bacteria. This review focuses on membrane-based
osmosensors since they elicit primary osmoregulatory re-
sponses. In addition, current knowledge of the osmoregulation
of transcription in bacteria has been reviewed whereas the
basis for membrane-based osmosensing has not. The goals of
this review are to define the properties of solvent-macromol-
ecule and solvent-membrane interactions pertinent to osmo-
sensing, to identify putative osmosensors and the changes that
they detect, and to review our current understanding of cyto-
plasmic membrane-based osmosensory mechanisms in bacte-
ria. This review is intended to stimulate broadly based research
on osmosensing. Efforts have therefore been made to express
microbiological, biochemical, and biophysical concepts in terms
accessible to both specialists and nonspecialists. Readers who
prefer textual explanations are therefore asked to accommo-
date the mathematical expressions preferred by those inter-
ested in the biophysical basis for osmosensing. This review also
builds upon concepts developed by many other authors (2, 7,
25, 47, 74, 220, 228, 229, 256). Physiological responses to os-

TABLE 1. Glossary

Term Definition

Chaotrope....................Cosolvents that decrease water structure are
called chaotropes. Urea and other protein
denaturants are chaotropes.

Chemosensor...............Chemosensors are molecules that detect
specific ligands. Many chemosensors act by
binding a specific ligand at a structure-
specific receptor site.

Compatible solute ......A compatible solute is a cytoplasmic cosolvent
whose level can be modulated over a broad
range without disrupting cellular functions.

Cosolvent .....................A cosolvent is a solute that significantly affects
the properties of water as a solvent,
rendering the resulting solution nonideal.

Dehydration ................Dehydration is water loss. (Desiccation is
complete water removal.)

Hofmeister effect ........The Hofmeister effect is the systematic effect
of a series of inorganic salts on the
solubility of proteins and was first reported
by Franz Hofmeister in 1888. Many other
solute effects have since been correlated
with the Hofmeister effect, and it has been
generalized to include both ionic and
nonionic solutes. Solutes (or cosolvents) are
categorized, according to the Hofmeister
effect, as chaotropes or kosmotropes.

Kosmotrope.................Cosolvents that increase water structure are
called kosmotropes. Glycerol, glycine
betaine, and other protein stabilizers are
kosmotropes.

Osmolality ...................Osmolality is the osmotic pressure of a
solution at a particular temperature,
expressed as moles of solute per kilogram
of solvent (osmolal) (see Appendix).
Osmolality can be measured but not
calculated.

Osmolarity ...................Osmolarity is an approximation for osmolality,
expressed as moles of solute per liter of
solution (osmolar) (see Appendix).
Osmolarity is calculated as the sum of the
concentrations of osmotically active solutes
in a solution.

Osmoprotectant ..........Osmoprotectants are compounds that
stimulate bacterial growth in high-osmolality
media.

Osmoregulatory
response...................An osmoregulatory response is a physiological

process that mitigates passive adjustments
in cell structure caused by changes in the
extracellular osmolality.

Osmosensor.................An osmosensor is a device that detects
changes in extracellular water activity
(direct osmosensing) or resulting changes in
cell structure or composition (indirect
osmosensing).

Osmotolerance............The osmolality range for the media that
support bacterial growth.

Osmotic downshift......An osmotic downshift is a decrease (over
time) in the osmolality of the extracellular
environment.

Osmotic upshift ..........An osmotic upshift is an increase (over time)
in the osmolality of the extracellular
environment.

Turgor pressure ..........Turgor pressure (DP) is the hydrostatic
pressure difference which balances the
osmotic pressure (or osmolality) difference
between cell interior and exterior. Turgor
pressure renders the chemical potentials of
intracellular and extracellular water equal at
equilibrium.
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molality changes, to cooling-freezing, and to desiccation are
related (44, 55, 124, 156). Only responses to osmolality changes
are considered here, however. In addition, this review does not
encompass the modifications to macromolecular structure that
render organisms of the salt-in-cytoplasm type obligately halo-
philic (74).

SOLVENTS AND THEIR INTERACTIONS WITH
BIOMOLECULES

Solvent Properties Pertinent to Osmosensing

For the purpose of this review, the chemical potential of
water can be expressed as

mw 5 mw* 1 RT ln aw 1 V# wP (1)

where mw* is the chemical potential of water under standard
conditions, R is the gas constant, T is the temperature (Kelvin),
aw is the activity of water, V̄w is the partial molar volume of
water, and P is the pressure.

Water and its solutes can be characterized by their activities
(ai), where

ai 5 gi xi (2)

gi and xi are the activity coefficient and the mole fraction of the
ith constituent, respectively, and O , ai , 1. In a physico-
chemically ideal system, the solvent activity approaches 1 and

FIG. 1. Phases of the osmotic stress response for E. coli K-12. Structural and physiological responses triggered by osmotic shifts (up or down) imposed at time zero
proceed in parallel along the indicated, approximate timescales. The evidence supporting this scheme is discussed in the text.
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the solute concentrations (expressed as mole fractions or as the
more familiar molar units), which approach zero, can be used
as effective proxies for their activities. Experimental systems
are often designed to approximate ideality, so that simplifying
assumptions can be made about the resulting chemical and
physical phenomena. Although some laboratory media and
some natural microbial environments can be described as ideal
solutions, many are nonideal. The aqueous compartments
within microorganisms are certainly nonideal. Nonideality has
important consequences for osmosensing (see “Solvent-mac-
romolecule interactions”).

The ionic strength and osmotic pressure of the solvent arise
through collective contributions of ionic solutes and of all
solutes, respectively. Solutes that are present at high concen-
trations have the greatest effects on osmolality and (if they are
ionic) ionic strength. The osmotic pressure of an aqueous so-
lution (P) is defined as

P 5 2 ~RT/V# w) ln aw (3)

Note that definitions of osmotic pressure vary. This definition
differs from those used in some previous reviews on bacterial
osmoregulation (47, 178) and desiccation tolerance (221). It is
used here for reasons discussed by Nobel (200). Osmotic pres-
sure can also be expressed in terms of the osmolality (units of
osmoles/kg of solvent or osmolal:

osmolality 5 P/RT (4)

Osmolarity, the sum of the concentrations of osmotically active
solutes in solution, provides a convenient approximation for
osmolality:

Osmolarity 5 (i ci < P/RT (5)

where the ci are the molar concentrations of the osmotically
active solutes. Osmolarity and osmolality are not equal, and
osmolality can be measured but not calculated (272).

Solvent-Macromolecule Interactions

Biologically relevant solvents, whether extracellular or intra-
cellular, include both water and cosolvents. Cosolvents are
solutes that significantly influence the behavior of water as a
solvent (see “Solvent properties pertinent to osmosensing”).
The term “cosolvent” is introduced here to emphasize that
every solute molecule makes some contribution to solvent be-
havior while, more or less independently, playing a specific
physiological role. Important solvent characteristics include
cosolvent composition, ionic strength, osmotic pressure (or
osmolality), and pH (see “Solvent properties pertinent to os-
mosensing”). Each cosolvent contributes, as part of the collec-
tive of cosolvents, to the osmolality of the solution. In addition,
each cosolvent has particular effects on water, on its interac-
tions with biomolecules, and hence on cellular functions. Both
the osmolality and individual cosolvent effects are relevant to
osmoregulatory mechanisms and their experimental study.

Diverse cosolvents are present outside and inside bacteria.
NaCl and sugars (or other polyols) are the most prevalent and
abundant extracellular cosolvents in natural environments. K1,
organic anions, compatible solutes, proteins, and nucleic acids
are the predominant intracellular cosolvents (28, 29, 74, 257,
304). The intracellular solvent of most bacteria is thus differ-
entiated from the extracellular solvent by including a restricted
array of low-molecular-weight cosolvents and a high concen-
tration of macromolecular cosolvents. To understand osmo-
sensing, it is necessary to deduce both the solvent changes to
which osmosensors are actually exposed in vivo and the mech-
anisms by which those solvent changes can trigger changes in
osmosensor conformation. Osmosensors located in the cyto-
plasmic membrane or nucleoid are exposed to the constrained
solvent environments of the cytoplasm, membrane, and/or
periplasm, not to the extracellular aqueous medium.

Effects of cosolvents on the behavior of water at interfaces
(and their effects on proteins) have been described, systemat-
ically but empirically, in terms of the Hofmeister effect (41).
Both ionic and nonionic cosolvents can be characterized in this
way as kosmotropic (water structure making, e.g. phosphate,
ammonium, sucrose, and glycerol), close to neutral (e.g., Na1

and Cl2), or chaotropic (water structure breaking, e.g., SCN2

and urea). For example, kosmotropes and chaotropes tend to
stabilize and destabilize native protein conformations, respec-
tively (for a further discussion, see below). Effects of kosmo-
tropes and chaotropes on protein function may be additive or
mutually compensatory (see, e.g., references 292 and 308).

Efforts by biochemists and biophysicists to systematically
describe and explain water–cosolvent–macromolecule–solid-
matrix interactions now offer additional perspectives and tools
to students of osmoregulation (Fig. 3). Included are studies of
(i) very low affinity ligand-receptor interactions and the im-
pacts of diverse cosolvents on macromolecular stability, solu-
bility, and assembly explained in terms of preferential exclu-
sion of certain solvent constituents from macromolecular
surfaces (275); (ii) the significance of hydration changes,
probed by varying the osmotic pressure, for macromolecular
interactions and functions (209); and (iii) the impacts of
crowding and confinement on the structures and interactions
of macromolecules (182, 297). Each rests on the concept that
“the local environment will influence reactions taking place in
a biological medium when reactants, transition state com-
plexes, and products interact unequally with background spe-
cies” (311). In the context of osmosensing, the reactants and
products would be the forms (“off” and “on”) of an osmosen-
sor and the background species constituting the local environ-
ment would include water, cosolvents, and structural elements.

FIG. 2. Chemosensing versus osmosensing. Many biosensors are molecules
whose conformations change between an “off” and an “on” conformation in
response to a change in the biosensor environment. Chemosensors detect the
biochemistry of cellular environments, including changes in nutrient supplies and
signals with biological origins. The proportion of chemosensor molecules in the
“on” conformation increases when the appropriate ligand binds to a specific site
on the chemosensor surface. Osmosensors detect changes in extracellular water
activity (direct osmosensing) or resulting changes in cell composition or structure
(indirect osmosensing). At least some osmosensors are expected to change their
conformations in response to solvent changes. The proportion of osmosensor
molecules in the “on” conformation would then increase when the sensor surface
was exposed to a suitably altered solvent (depicted here by a change from a white
to a shaded background). Alternatively, sensing could involve a change in oligo-
meric state (for example, ligand- or solvent-induced dimerization).
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Preferential interaction. Some interactions among water,
cosolvents, and osmosensors may be more appropriately con-
sidered in terms of preferential binding or exchange than in
terms of classical binding theory. The latter describes the frac-
tional occupancy of a specific receptor site(s) on a macromol-
ecule by one or more ligands. This occupancy may vary from 0
(no binding) to the number of sites, which is usually small. In
terms of preferential binding or exchange, the reference state
is a macromolecule in pure water with all exposed surface sites

hydrated (no sites occupied by cosolvent). A gradual exchange
of water for cosolvent occurs as the cosolvent is added to the
system. At any cosolvent concentration, the fractional occu-
pancy of surface sites by cosolvent exceeds, matches, or falls
short of the proportion (mole fraction) of cosolvent molecules
in bulk solution if the surface sites prefer cosolvent over water,
show no preference, or prefer water over cosolvent, respec-
tively. This situation differs substantially from that treated by
classical binding theory. Each solvent-macromolecule interac-
tion is weak, but the number of sites involved is large and
hence the potential impact of solvent-cosolvent exchange on
macromolecular structure and function is also large. For ex-
ample, it has been estimated that lysozyme offers a total of 266
surface sites for solvent and/or cosolvent occupancy (276). In
addition, the global behavior of the macromolecule-solvent
system is an average over weak interactions among macromol-
ecule, cosolvent, and water at a large number of nonidentical
surface sites.

The effects of various organic cosolvents on macromolecular
solubility, conformation, and assembly can be described in
terms of such preferential interactions (275, 276). A correla-
tion is observed between cosolvent exclusion from protein sur-
faces and stabilization of native protein conformations and
assemblies (which often have smaller surface areas exposed to
solvent than denatured forms do) (Fig. 3). Steric restrictions
on approach to the macromolecular surface by cosolvent mol-
ecules (as opposed to the smaller water molecules) and a
thermodynamic preference of some cosolvent molecules for
the bulk solvent over the solvent-protein interface are both
believed to contribute to this cosolvent behavior. The protein-
stabilizing effects of some compatible solutes have been de-
scribed in these terms (248, 292, 308). It has been emphasized,
however, that stabilization does not require preferential exclu-
sion of the cosolvent from macromolecular surfaces. Stabiliza-
tion can also be achieved if there is less preferential binding of
the cosolvent to the denatured macromolecule than to the
native macromolecule (as was shown for trehalose by Xie and
Timasheff [301]). These observations indicate that the confor-
mations and associations of macromolecules may be sensitive
to the concentrations of cosolvents, but they also underscore
the complex dependence of such phenomena on the chemical
nature of cosolvent-macromolecule interactions, not on solu-
tion osmolality per se.

Hydration forces. Osmotic pressure has been used as a tool
to probe the biological significance of macromolecular hydra-
tion, i.e., of “hydration forces.” For example, the addition of
osmotically active, polymeric cosolvent (e.g., polyethylene gly-
col [PEG]) to the surrounding medium can suppress ion chan-
nel opening and alter both KD and KM for the interaction of
glucose with hexokinase (209). These data are interpreted as
showing that the entry of cosolvent molecules to macromole-
cule-associated solvent pools is restricted and that solvent com-
partments which differ in osmolality are thus created. Thus,
macromolecules may adjust to their solvent environments by
assuming states that balance the (unfavorable) exclusion of
cosolvent from inaccessible solvent pools against the (unfavor-
able) juxtaposition of macromolecular constituents. For exam-
ple, withdrawal of solvent from intramolecular pools of low
osmolality may force macromolecules to adopt different (and
less energetically favorable) conformations than are assumed
to be present in the absence of cosolvent (Fig. 3).

For hexokinase, this adjustment appears to be related to
closure of a solvent-filled protein cleft containing the active
site, although more generalized dehydration of the enzyme
may also be involved. As would be anticipated for a purely
osmotic effect, the number of water molecules implicated in

FIG. 3. Solvent effects on macromolecular conformation. If different forms
(conformations) of a macromolecule (or osmosensor) interact differently with
their solvent, solvent changes will alter the distribution of the macromolecule (or
sensor) population among those forms. Such effects could constitute a basis for
osmosensing, as illustrated in Fig. 2. Simultaneous exposure of membrane-based
osmosensors to multiple solvent environments would further enhance the scope
for modulation of their structure by solvent changes. Three aspects of solvent-
macromolecule interactions that have been demonstrated to influence macro-
molecular conformation are illustrated in this figure. For preferential exclusion,
if water and cosolvent interact differently with the macromolecular surface, a
change in cosolvent composition can trigger a change in macromolecular con-
formation and/or oligomerization. For example, an increased concentration of
one or more cosolvents (indicated by a darker grey background) that are pref-
erentially excluded from the sensor surface (indicated by a halo) favors a con-
formational change that results in a decreased sensor surface area (indicated by
a change from square to round). For hydration changes, if entry of cosolvent
molecules to macromolecule-associated solvent pools is restricted (as indicated
by the relative sizes of the grey cosolvent molecules and the water-filled cleft on
the macromolecular surface), an increase in cosolvent concentration will cause
macromolecule-associated solvent to be extracted and macromolecular confor-
mation to be altered (closing the water-filled cleft and possibly also causing a
more generalized conformational change, indicated by a change from square to
round). For macromolecular crowding or confinement within matrices, in
crowded solutions (those containing high concentrations or networks of macro-
molecules) compact or globular conformations of a test macromolecule (or
osmosensor) are favored. Changes in crowding of the bacterial cytoplasm, where
macromolecules occupy as much as 50% of the available volume (indicated as a
change in the concentration of oblong, grey molecules comparable in size to the
test macromolecule), may therefore favor changes in conformation of osmosen-
sor molecules (again indicated as a change from square to round).
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this transition depends on the size of the cosolvent molecules
used to impose osmotic stress. The difference in the number of
PEG-accessible water molecules between the glucose-associ-
ated and glucose-free hexokinase conformations varies from 50
to 326 as the molecular weight of PEG increases from 300 to
1,000. It then remains constant as the molecular weight of PEG
increases further to 10,000 (232). Thus, a larger quantity of
hexokinase-associated water is inaccessible to high-molecular-
weight than to low-molecular-weight PEG. These observations
suggest that protein form and function can respond on an
osmotic basis to certain cosolvents, including some that are
similar in molecular weight and concentration to those which
impose osmotic stress or serve as compatible solutes in nature.

Pressure effects on the specificity of ligand-receptor inter-
actions. Both osmotic and hydrostatic pressures have been
used to perturb DNA-protein interactions (235). Stresses im-
posed with osmotic and hydrostatic pressures are fundamen-
tally different; osmotic stress causes water molecules to be
transferred from cosolvent-inaccessible to cosolvent-accessible
regions around or within macromolecules, whereas hydrostatic
pressure changes the weight density of the entire system. For
some restriction endonucleases, DNA recognition sequence
specificity changed as osmotic pressure was increased by the
addition of diverse, low-molecular-weight cosolvents including
sucrose, glycerol, 2-propanol, and N-methylformamide (0 to 3
osmolal, but with significant effect at 1 osmolal) (see, e.g.,
reference 234). These effects were reversed by elevated hydro-
static pressure (up to 500 atm). They were interpreted as in-
dicating differential involvement of water at the enzyme-DNA
interface for different DNA sequences. Hydration has also
been recognized as playing a critical role in carbohydrate-
protein interactions (152). Such behavior differs fundamentally
from that described by preferential binding or exchange the-
ory, however. It involves small numbers of water molecules
that mediate high-affinity enzyme-substrate recognition at spe-
cific enzyme and substrate sites.

Crowding and confinement. Considerations of macromolec-
ular crowding and confinement may also be used to explain
“background” effects on macromolecular structures and inter-
actions (182, 311). They define the collective impact of mac-
romolecules, whether soluble or present as structural elements,
on cellular processes. Garner and Burg (77) have reviewed
these concepts from a physiological perspective. The term
“crowding” refers to effects of high collective volume occu-
pancy by macromolecules on the structures and functions of
individual macromolecular species with which they interact
only weakly and nonspecifically. Such effects may be biologi-
cally significant since macromolecules occupy as much as 50%
of the cytoplasmic volume. The term “confinement” refers to
effects of entrapment within a subcellular matrix on macromo-
lecular function.

Consideration of crowding and confinement effects on bio-
logical processes in terms of solution nonideality yields predic-
tions that are supported by experimental evidence. (i) Under
conditions of crowding comparable to those found in vivo, the
values assumed by macromolecular association constants may
be dominated by crowding effects and may exceed the corre-
sponding values for dilute solution by up to several orders of
magnitude. (ii) Compact or globular macromolecular confor-
mations or assemblies are favored more in crowded than in
dilute solutions (Fig. 3). (iii) For a given degree of crowding,
effects on associations between macromolecules are expected
to be much greater than effects on association of small mole-
cules with macromolecules. (iv) Both crowding and confine-
ment tend to enhance macromolecular associations—unlike
crowding, confinement may favor the formation of extended

(linear or discoid) rather than globular aggregates. Such con-
siderations have led to the proposal that (some) animal cells
may regulate macromolecular crowding rather than cell vol-
ume (183). This proposal rests on the concept that physiolog-
ically relevant changes in extracellular water activity, effected
by modulating the extracellular concentrations of diverse co-
solvents, may be translated into changes in cytoplasmic crowd-
ing or confinement, thereby avoiding the complication of spe-
cific cosolvent-osmosensor interactions.

These background effects on macromolecular structures and
interactions are not mutually exclusive, and this list is not
necessarily complete. For example, phenomena other than hy-
dration have been proposed as origins for the mutual repulsion
of macromolecular surfaces in aqueous solution (106). It has
been argued that small cosolvent molecules may exert their
effects on protein solubility, stability, and function through
excluded volume rather than through osmotic or preferential
binding effects (297). It has been proposed that water within
enzyme active sites, ligand binding sites of receptors, and ion
channels, like that within polymeric matrices, differs from bulk
water in density and hence in its behavior as a solvent (295,
296). Resolution of these overlapping and/or conflicting inter-
pretations is not the objective of this review. Rather, these
concepts are useful to students of osmoregulation because they
contribute to our understanding of solvent effects on cell struc-

TABLE 2. Potential stimuli for membrane- or
nucleoid-based osmosensorsa

Compartment
sampled Stimulus detected, change inb:

Periplasm Thickness
Turgor pressure
Concn of a specific cosolvent (e.g., glucan)
Macromolecular crowding
Osmolality
Ionic strength

Cytoplasmic
membrane Osmolality gradient

Lateral pressure
Bilayer curvature
Head group charge density
Head group hydrogen bonding
Head group hydration
Thickness
Lateral phospholipid distribution
Intermonolayer phospholipid distribution

Cytoplasm Osmolality
Ionic strength
Concn of kosmotropes
Concn of a specific cosolvent (e.g., K glutamate)
Macromolecular crowding or confinement

Nucleoid Turgor pressure
Counterion composition
Protein composition
Macromolecular crowding
DNA topology

a The entries in this table were deduced by considering the ways in which
solvent changes could affect the conformations of osmosensors placed in the
cytoplasmic membrane or the nucleoid. A membrane-based osmosensor could
sample properties of the periplasmic and/or cytoplasmic solvent as well as char-
acteristics of the membrane itself.

b Bold entries are relevant to membrane-based osmosensors that retain their
effectiveness in cell, vesicle, and proteoliposome systems (in the absence of
exogenous macromolecular crowding agents) (e.g., osmoprotectant transporter
ProP, mechanosensitive channel MscL).
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ture and function and because they suggest potential osmosen-
sory mechanisms (Table 2).

Solvent-Membrane Interactions

The principles outlined above apply to biomembrane con-
stituents, proteins, phospholipids, and polysaccharides, as well
as to other macromolecules. Solvent effects on the assembled
membrane warrant particular attention in the context of
osmosensing because biomembranes constitute the semiper-
meable barriers which define biologically relevant osmotic
compartments and some osmosensors are located within bi-
omembranes. When an osmotic shift is imposed on a vesicular
membrane system (a cell, a biomembrane vesicle, or a lipo-
some), membrane perturbations with multiple origins occur.
The following discussion is designed to enumerate these ef-
fects, indicate which may be detected by osmosensors, and
provide references to pertinent experimental approaches.

Solvent effects on membrane structure. Biophysicists and
biochemists have long been fascinated and puzzled by the
diversity and complex phase behavior of membrane phospho-
lipids. The net charge, hydrogen-bonding capacity, and hydra-
tion of each head group, the length and unsaturation of each
acyl chain, and the resulting overall shape of each phospholipid
molecule all contribute to the phospholipid-solvent interac-
tions which determine phase behavior in aqueous phospholipid
dispersions (57, 60, 78, 85, 155). Each phospholipid (and each
phospholipid mixture) has a particular propensity to form the
lamellar (L) phase characteristic of biological membranes ver-
sus alternative arrangements, including the nonlamellar hex-
agonal (HI or HII) or cubic phases. Phospholipid phase tran-
sitions, for example, the transitions from gel (Lb) to liquid
crystalline (La) lamellar phases and from the lamellar phase to
the hexagonal phase, are characterized by phase transition
temperatures (for these examples, TM and TH, respectively).
Phospholipid phase behavior (often indicated by phase transi-
tion temperatures) is also influenced by amphiphiles which
insert among phospholipid molecules (e.g., alcohols, fatty ac-
ids, detergents, anaesthetics, and peptides) and by such solvent
properties as pH, ionic strength, and cosolvent composition.

Although physiological roles have been proposed for nonla-
mellar phospholipid, most biomembrane phospholipid, under
most circumstances, is in the liquid crystalline lamellar phase.
However, most biomembranes are enriched in phospholipids
which, in isolation, have little propensity to form the lamellar
phase (e.g., monoglucosyl diacylglycerol in Acholeplasma laid-
lawii and phosphatidylethanolamine in Clostridium butyricum
and Escherichia coli) (57, 155). Some implications of the pres-
ence of “nonbilayer” lipid in biological membranes can be
understood by comparing the behaviors of phospholipid mono-
layers and bilayers (60, 85, 161).

A planar phospholipid bilayer represents a balance between
the intrinsic tendency of each monolayer to be curved (intrinsic
curvature) and the requirement that the fatty acyl chains of
each monolayer be sequestered from water (the hydrophobic
effect) (Fig. 4A). The phospholipid bilayer is thus seen as an
aggregate of “frustrated” monolayers, structures in which the
frustration of intrinsic curvature creates a lateral pressure
within the membrane (35, 85, 161). Electrostatic and van der
Waals interactions, steric factors, and head group hydration
are all predicted to contribute to lateral pressure within bilay-
ers. The relative contributions of these factors are only now
being defined as techniques are devised to detect the predicted
lateral pressure (63, 132, 161). Epand and Epand demon-
strated the thermodynamic significance of curvature strain by
measuring an enthalpy associated with the diminution of in-
trinsic monolayer curvature upon introduction of amphipaths
to frustrated lipid bilayers (63).

Transitions from lamellar to nonlamellar lipid phases may
occur when thermal or other changes shift the balance outlined
above in favor of monolayer curvature. Intrinsic curvature
strain (and hence lateral pressure within the membrane) is
predicted to act in a more subtle but physiologically significant
fashion on proteins associated with or embedded in lamellar
phase lipid. Particularly relevant to osmosensing are argu-
ments that lateral pressure or stress is a function of depth
normal to the membrane plane and that variations in this stress
may be coupled to conformational changes which alter the
cross-sectional area of the protein in the membrane plane (35,
85, 161). Lipids that do not readily form bilayers have been
implicated in the function of some peripheral membrane pro-
teins and channels (61, 122), and E. coli cells deficient in
phosphatidylethanolamine biosynthesis show complex pheno-
types, some of which suggest signaling defects (103, 177).

FIG. 4. Solvent effects on membranes. Membrane strain is the relative dis-
placement of membrane constituents in response to an imposed stress. Such
strain may be communicated to osmosensors by the phospholipid bilayer. (A)
Intrinsic membrane strain arises because phospholipid monolayers that have an
intrinsic tendency to be curved must flatten in order to associate and form
phospholipid bilayers in aqueous solution (satisfying the requirements of the
hydrophobic effect). This phenomenon has a number of potential consequences
including the possible existence of a lateral pressure, exerted in the bilayer plain,
that is higher in the membrane core than at the membrane surface (see the text
for a discussion of this phenomenon). (B) Changes in cosolvent composition
(indicated in grey) may modulate intrinsic membrane strain by acting in the ways
illustrated in Fig. 3. Such changes could be transmitted to (and modify the
conformations of) osmosensors that are integral membrane proteins. (C) Since
biomembranes are fluid, topologically closed, and differentially permeable to
water and cosolvents, changes of intra- or extracellular water activity cause
changes in membrane shape. Such changes may alter mechanically imposed
membrane strain in ways that change the conformations of osmosensors that are
integral membrane proteins.

236 WOOD MICROBIOL. MOL. BIOL. REV.



How do cosolvents influence the phase behavior and lateral
pressure of biomembranes? Although they have received much
less attention than temperature effects, cosolvent effects on
phospholipid phase behavior have been reported (13, 62, 97,
123, 240, 247, 270, 271). Effects of ionic and nonionic cosol-
vents on TM and TH for frustrated lipid systems have been
correlated with cosolvent position within the Hofmeister se-
ries. These effects have been explained in terms of preferential-
interaction theory as well as other factors (62, 247). For some
phospholipid systems, kosmotropes (e.g., NaCl and compatible
solutes) lowered TH, increasing the tendency of the lipid to
form a nonbilayer phase at a given temperature. (Chaotropes
had the opposite effects.) Membrane dehydration caused by
exposure of the membrane to cosolvents which cannot pene-
trate membrane water pools also influences phase behavior in
a manner that depends upon phospholipid structure and can
be related to membrane curvature (166, 227). It is tempting to
speculate that kosmotropes and molecules that are sterically
excluded from the membrane increase lateral pressure within
lamellar-phase biomembranes. An osmosensor might be de-
signed to signal such a change (Fig. 4B; Table 2).

In addition to global phase changes, phospholipid bilayers
may undergo local phase changes which create lateral phase
separations. For certain mixed-lipid systems, some cosolvents
(including ethanol, PEG, glucose, and cations) can cause lipid
“demixing” (122, 148, 149, 189). Lipid characteristics that in-
fluence lipid miscibility include head group size, charge, and
hydrogen-bonding capacity, as well as acyl chain length and
unsaturation. For example, demixing can cluster phospholipids
with similar head groups or acyl chain lengths, with the latter
phenomenon resulting in localized membrane thinning or
thickening. Lipid specificity has been predicted and in some
cases demonstrated for membrane association of peripheral
proteins (or protein domains) (60, 122), protein integration
into membranes (24, 188), and the activities of peripheral and
integral membrane proteins (references 23, 104, 105, and 122
and references cited in reference 150). An osmosensor could,
in principle, be designed to detect a lipid phase formed by
solvent- or curvature-induced lipid demixing.

Transverse asymmetry of phospholipid composition is well
established for the outer membranes of gram-negative bacte-
ria, for the cytoplasmic membranes of erythrocytes, and for
very small unilamellar liposomes, but little is known about
transverse asymmetry of lipids in the cytoplasmic membranes
of bacteria (78). Nevertheless, transverse asymmetry may be a
powerful determinant of the physical properties of biomem-
branes and the activities of membrane proteins.

Biomembrane permeability. For small deviations from equi-
librium, the net rate of volume flux across a membrane in
response to a hydrostatic or osmotic driving force can be de-
scribed in terms of an osmotic permeability coefficient (Pf
[centimeters per second]) characteristic of the membrane and
a reflection coefficient (s [dimensionless]) characteristic of the
membrane and the cosolvent used to impose the osmotic gra-
dient (71, 200). The flow of volume across a membrane sepa-
rating compartment 1 from compartment 2 can be described as

Jv 5 Pf A V̄w @~P1 2 P2!/RT# 2 S@si~Osmi12Osmi2)] (6)

where Jv is the water flux (cubic centimeters per second), A is
the membrane surface area (square centimeters), V̄w is the
partial molar volume of water, R is the gas constant, T is the
temperature (Kelvin), P1 and P2 are the hydrostatic pressures
(atmospheres) in compartments 1 and 2, respectively, si (0 ,
si , 1) describes the relative rates at which the ith cosolvent
and water cross the membrane (via all available pathways) and

Osmi1 and Osmi2 are the osmolalities due to the ith cosolvent
in compartments 1 and 2, respectively. The reflection coeffi-
cient (si) varies from close to 0 for a highly permeant cosolvent
to 1 for a cosolvent which does not cross the cell surface (e.g.,
glycerol has a low s and sucrose has a high s with respect to
the surface of E. coli [see below]). The significance of s can be
grasped by recognizing that a cosolvent flux sufficiently rapid
(with respect to solvent flux) to collapse the osmolality gradi-
ent will attenuate the solvent flux (Jv). In terms which are
important for osmosensing, Pf and si contribute to the rate and
extent of solvent flux and hence to the duration of imposed
osmotic gradients (DOsm), the rate of change of hydrostatic
pressure (DP), and the rate at and degree to which a plastic,
membrane-bounded osmotic compartment will be deformed in
response to an osmotic shift.

Water crosses biomembranes via three pathways: the phos-
pholipid bilayer, aquaporins (water-selective channels), and
integral membrane proteins with other functions (e.g., trans-
porters and channels designed to translocate substrates other
than water) (52, 284, 307). The relative contributions of these
pathways depend directly on the numbers of the relevant pro-
teins per unit membrane area (and, in the case of the last
pathway, the availability of substrates). The osmotic water per-
meabilities of phospholipid bilayers (Pf in the range 1023 to
1022 cm/s) are usually sufficient to permit equilibration of
water across the membrane on a millisecond timescale. Aqua-
porins raise Pf to values in excess of 1022 cm/s and hasten
equilibration accordingly (284). The physiological roles of
aquaporins have not been defined. However, their presence
suggests that under at least some physiological conditions,
transmembrane water flux via the phospholipid bilayer, alone,
is unacceptably slow. Although water does cross biomem-
branes via transporters and channels other than aquaporins,
the contributions of transporters and channels to total water
flux may be relatively small (284, 307). Our understanding of
the influence of cosolvents on the water permeabilities of phos-
pholipid bilayers is currently limited (see, e.g., reference 17).

Like that of water, transmembrane cosolvent flux may in
principle be either passive (occurring via the phospholipid bi-
layer or nonspecific pathways involving membrane proteins) or
mediated (occurring via cosolvent-specific integral membrane
proteins). Since the passive permeabilities of biomembranes
for many biologically relevant solutes are orders of magnitude
lower than that of water, solute-specific channels or transport-
ers are required if high solute flux rates are to be attained (78)
and the passive permeabilities for solutes are often ignored. In
fact, passive permeabilities are important for certain biologi-
cally relevant cosolvents (e.g., glycerol, urea, and NH3), and
they may become important when cosolvents, even those of
low passive permeability, are used to impose large osmotic
gradients (133, 180). The passive permeabilities of phospho-
lipid bilayers and biomembranes for solutes are known to in-
crease dramatically near both TM and TH (52, 60, 165). Al-
though the temperature dependence of passive membrane
permeability has been extensively explored, the degree to
which absolute cosolvent levels (as opposed to cosolvent gra-
dients) influence cosolvent permeabilities is not well charac-
terized.

Mechanical properties of membranes. A membrane can be
defined, mechanically, as “a material with a very small thick-
ness in comparison with its radii of curvature which separates
two adjacent, liquid-like domains and supports the stresses
created by the embedding medium” (19). To understand mem-
brane-associated osmosensors, it may become necessary to link
our understanding of membrane molecular structure and dy-
namics (with a length scale up to a few nanometers) with our
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understanding of the membrane as a continuum of condensed
matter (with a length scale greater than 500 nm). Barriers to
the attainment of that goal include both difficulties of commu-
nication among investigators and technical limits to the study
of phenomena which occur on the relevant length scale and
timescale (19).

To define the mechanical properties of a biological mem-
brane, it would be necessary to fully describe the rates and
extents of shape changes that occur upon application of de-
fined forces (stresses) in vivo. For an elastic membrane, each
applied stress will result in some strain, i.e., some reversible
shape change. Stress and strain are related by proportionality
constants (elastic moduli) determined by material properties
of the membrane:

stress 5 (elastic modulus)(strain) (7)

so that a membrane with a relatively large elastic modulus
would undergo a relatively small shape change in response to
a given stress. To define the rates of structural change, viscosity
coefficients are also required. No membrane system has been
fully described in these terms, but studies of eukaryotic cell
membranes (particularly those of erythrocytes and sea urchin
eggs), biomembrane vesicles, and liposomes (phospholipid ves-
icles) offer useful insights (see, e.g., references 19, 67, and 185).
The following description refers specifically to unilamellar li-
posomes, since they can be described in relatively simple terms
and hence serve as useful biochemical model systems. It is
important to remember, however, that the mechanical proper-
ties of biomembranes in vivo may be strongly influenced by
interactions with adjacent cellular material (19).

For a membrane segment composed of a constant quantity
of lipid, the extent and rate of deformation can be expressed in
terms of three independent, local shape changes (19, 67): area
dilation or condensation, in-plane extension at constant area
(surface shear), and bending (curvature change) at constant
shape. Phospholipid membranes are remarkable because they
are fluid materials (low in viscosity or stiffness) with mechan-
ical properties (elastic moduli) that are isotropic in the mem-
brane plane and highly anisotropic in the thickness dimension.
(In this context, surface isotropy means that the material prop-
erties do not depend on orientation with respect to a chosen
position. Properties may nevertheless be nonuniform, depend-
ing upon the chosen position.)

Imposition of an osmotic gradient on a topologically closed
membrane system (e.g., a liposome) with a cosolvent of high
reflection coefficient may invoke changes of all three types
(Fig. 4). For example, upon imposition of an osmotic upshift,
the surface of a spherical liposome may become nonspherical
(requiring in-plane extension and curvature change) and con-
dense (requiring a decrease in area per lipid molecule). Upon
imposition of an osmotic downshift, the surface of a nonspheri-
cal liposome may become more spherical (requiring in-plane
extension and curvature change) and dilate (requiring an in-
crease in area per lipid molecule).

To analyze the mechanical properties of membranes, exper-
imenters have applied mechanical stress either by performing
direct physical manipulation (micropipette aspiration [19, 185]
or the use of optical tweezers [see, e.g., reference 51]) or by
imposing osmotic gradients (see, e.g., references 66, 94, and
190). Physical manipulation is applied to cells, individual giant
vesicles, or liposomes and avoids chemical perturbation, but it
is not applicable to all systems, and the resulting data cannot
readily be correlated with population-based biochemical out-
comes. In contrast, measurements based on osmotic perturba-
tion require vesicle or liposome preparations that are mono-

disperse (uniform in size), and they are always complicated by
chemical effects. Such measurements can be correlated with
biochemical data, however.

Liposome studies have shown the area elastic modulus of
the phospholipid bilayer to be high in comparison to the shear
and curvature elastic moduli (19). Micropipette aspiration and
osmotic perturbation yield similar estimates of the area elastic
moduli of phospholipid membranes (reviewed by Nebel et al.
[199]). Osmotic swelling causes changes in liposome radius no
larger than approximately 5% (66, 94, 244). This limit is im-
posed by the high area elastic modulus of the membrane and
by its limited ability to withstand strain. Once a yield point has
been reached, the liposome membrane remains strained as a
constant cosolvent gradient is maintained by cosolvent leakage
(94). Since the shear and curvature elastic moduli are relatively
low, osmotic shrinkage is associated with dramatic changes in
liposome shape (245).

What are the consequences of mechanical stress and strain
for the structure and organization of membranes? Although
there are few clear answers to this question, it is a subject of
active research. By altering the volume occupied by each phos-
pholipid molecule, membrane area dilation and condensation
will alter each of the chemical interactions which contribute to
membrane lateral pressure as well as the membrane surface
recognized by peripheral membrane proteins (or membrane
protein domains). Microcalorimetry is now being used to de-
fine molecular processes associated with osmotically induced
dilation and condensation of the membrane (see, e.g., refer-
ence 199). Mechanically and osmotically imposed alterations
in membrane bilayer curvature, superimposed on intrinsic
monolayer curvature, are known to influence lipid phase be-
havior and cause lateral phase separation (245). Each of these
changes could, in principle, be detected by an osmosensor (Fig.
4C; Table 2).

TIMELINE OF OSMOSENSING

Osmoregulators are devices that implement the response of
an organism to changing environmental osmolality. An indi-
vidual device may both detect and respond to solvent changes
(i.e., osmosensors may also be osmoregulators). Alternatively,
osmosensors and osmoregulators may be separate and com-
munication between or among them may require additional
signal transduction machinery. The high water permeability
and solute selectivity of biomembranes ensure that changes in
extracellular osmolality imposed with membrane-impermeant
cosolvents trigger extensive changes in cell structure and chem-
istry. Thus, in principle osmosensors may detect changes in
extracellular water activity (direct osmosensing) or they may
detect and elicit responses tailored to address secondary con-
sequences of osmotic shifts (indirect osmosensing). It is there-
fore expected that an array of osmosensors may detect and
control a temporal cascade of cellular changes and osmoreg-
ulatory responses. As a result, the “osmotic history” of each
cell will determine its response to new osmotic stimuli (76,
261).

The following discussion is designed to place putative bac-
terial osmosensors within the cascade of osmotically induced
changes to cell structure and physiology, thereby identifying
the stimuli to which each osmosensor may (or may not) re-
spond. This process of correlation and elimination is impor-
tant, since the list of stimuli which could, in principle, be
detected by each osmosensor is long (Table 2).
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Phases of the Osmotic Stress Response

When subjected to an increase or decrease in the osmolality
of the suspending medium (an osmotic upshift or downshift,
respectively), E. coli cells change as illustrated in Fig. 1. This
review focuses primarily on membrane-based sensory pro-
cesses that occur during phase I of this response. Phases II and
III are considered only to the extent that they illustrate the
physiological objectives met by osmoregulatory processes and
the relevant changes in cell structure associated with steady-
state exposure to media of various osmolalities. The timescales
of these events have not yet been fully defined, and the inter-
pretation of existing evidence concerning the timescales of
phases I and II is subject to ambiguities (see Appendix). Nev-
ertheless, the events listed as phase I of the response to an
osmotic upshift can be considered to occur within milliseconds
to minutes of an osmotic shift. Phase II (which also begins on
imposition of an osmotic shift) extends until approximately 40
min or 10 to 20 min after the shift for bacteria cultivated in the
absence and presence of osmoprotectants, respectively. Phase
III is highly condition dependent and can extend for 1 h or
more after the shift. The timescales for water uptake (phase I)
and release of cytoplasmic cosolvents (phase II) after an os-
motic downshift are at or below the limits of the experimental
techniques that have been applied to date. These phases are
complete within 1 to 2 min, however, and the ensuing cosolvent
reaccumulation (phase III) is complete within 10 to 20 min
after the shift. The evidence on which these estimates are
based is discussed further below.

Most studies have focused on effects of osmotic upshifts or
of osmotic downshifts or of steady-state adaptation to either of
these conditions. Osmotic upshifts and downshifts have usually
been applied to bacteria cultivated in low- and high-osmolality
media, respectively. Additional insight regarding osmosensing
will be gained by considering, as a continuum, cellular re-
sponses to both increases and decreases in medium osmolality
(see, for example, Parker’s assessment of changes in cell vol-
ume versus macromolecular crowding as triggers of regulatory
volume changes in canine erythrocytes [207]). Such studies will
be facilitated by examining organisms with sufficient osmotol-
erance to permit the application of significant osmotic shifts,
both up and down, after cosolvent loading (e.g., Lactobacillus
plantarum [80, 81] and Halomonas elongata).

Bacterial responses have been examined at different growth
phases (usually either mid-exponential or late exponential
phase) and with different growth status during the experiment
(growing or partially or fully nutrient deprived). Significant
cellular remodeling accompanies both long-term (minutes to
hours) osmoadaptation and the transition to stationary-phase
growth. Thus, the patterns outlined in Fig. 1 will be refined as
the short- and long-term effects of osmolality, growth phase,
and nutrient status are disentangled.

Cell Structure
Changes in extracellular osmolality may elicit changes in cell

structure and/or water fluxes across the cell surface. The fol-
lowing discussion is designed to identify (i) osmotically induced
structural changes which could be detected by membrane-
based osmosensors, (ii) osmotically induced structural changes
which may influence subsequent osmoregulatory responses,
and (iii) experimental tools which may assist researchers in
identifying osmosensors and the signals to which they respond.

Turgor pressure (DP) is defined as the hydrostatic pressure
difference which balances the osmotic pressure (or osmolality)
difference between cell interior (i) and exterior (o), rendering
the chemical potentials (mw) of intracellular and extracellular

water (see equation 1) equal at equilibrium. For cells which
can be treated as two-compartment systems:

DP 5 Pi 2 Po 5 Pi 2 Po 5 RT (Osmi 2 Osmo) (8)

where P is hydrostatic pressure. Imposed changes in DP, Osmi
or Osmo cause solvent flux across the cell surface to reestablish
the equilibrium described by equation 8. On the basis of mea-
sured osmotic water permeability coefficients for phospholipid
bilayers and membrane vesicles, equilibration is expected to
occur within seconds of an osmotic shift (305). Since large cells
(e.g., those of plants and some eukaryotic microorganisms) can
be impaled, DP and Osmi can be manipulated directly (89, 102,
210). Such techniques may also be applicable to giant bacterial
cells created by mutation and/or antibiotic treatment. The rate
of solvent flux and the participation of particular cosolvents in
passive cellular adjustment to osmotic shifts are illustrated (for
fluxes of small magnitude) by equation 6.

Turgor pressure imposes stress on the cell surface. For a
spherical cell with a very thin surface layer against which turgor
pressure is exerted, the relationship between turgor pressure
and the imposed stress (S) would be

S 5 DP ~r/2h! (9)

where r is the cell radius and h is the thickness of the surface
layer. The surface layers of many bacteria are quite thick in
relation to their radii of curvature, however, and for nonspheri-
cal cells, surface stress varies as a function of both location and
direction along the cell surface in a manner which cannot be
simply modeled (274).

Like those of phospholipid membranes, the mechanical
properties of cell surfaces may in principle be described in
terms of both their stiffness (or viscosity) and their elastic
moduli (their ability to undergo various reversible deforma-
tions). For example, bacterial murein layers are both stiffer and
more elastic than cytoplasmic membranes (as discussed by
Thwaites and Mendelson [274]). For a spherical cell with a
single, thin, elastic surface layer, the relationship between sur-
face stress and strain would be

S 5 k ~DA/A! (10)

where k is a modulus describing the elasticity of the cell surface
material and DA/A is the strain, i.e., the proportional change in
the cell surface area in response to the imposed stress. In the
simplest case, k would be constant regardless of the position on
the cell surface, orientation on the cell surface, or magnitude
of the applied stress.

Equations 9 and 10 can be combined to relate cell surface
strain (DA/A) and the stress imposed by turgor pressure (DP)
for a spherical cell:

DA/A 5 ~r/2kh! DP (11)

The following points emerge from this relationship. (i) The
surfaces of larger cells experience greater strain than do those
of smaller cells for a given stress (turgor pressure [DP]), elastic
modulus (k), and surface layer thickness (h). (ii) Thicker cell
surfaces expand and contract less (have lower strain) under a
given stress (turgor pressure [DP]) than do thinner surfaces for
a given elastic modulus (k) and cell size (r). (iii) In cells with
elastic surfaces (small k), changes in extracellular osmolality
may be accommodated by both water fluxes and adjustments in
cell surface area. The time courses of solvent flux and of
structural change after an osmotic perturbation are then de-
termined by Pf , si, k, and viscosity coefficients which determine
the rates at which structural changes can occur.
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By using a microscopic pressure probe to measure and ma-
nipulate turgor pressure, osmotic responses and stress-strain
relationships have been examined for large cells of plants and
eukaryotic microbes. Such analyses suggest that for those sys-
tems at least, si, Pf , and k can vary with turgor pressure (89,
200, 210). Cellular properties such as surface stress and elastic
modulus cannot readily be deduced from measurements of
turgor pressure, osmotic gradients, and cell dimensions for
nonspherical cells or for cells in which the elastic modulus
varies with position on the cell surface, orientation on the cell
surface, or magnitude of the applied stress. Since bacterial
turgor pressure cannot readily be manipulated or measured
(see Appendix), current prospects for quantifying surface
stress and strain in whole bacteria are poor. However, perti-
nent information can be obtained by examining the mechanical
properties of cellular constituents (see, e.g., reference 274).

The relationships outlined above suggest that the kinetics of
osmotically induced solvent flux, of associated structural and
biochemical changes, and hence of the time constants required
of osmosensory and osmoregulatory processes can be adjusted
by remodeling the cell surface to alter its reflection coefficient
(si) and osmotic permeability coefficient (Pf) or its mechanical
properties (its stiffness and elastic moduli). For example, re-
ducing the reflection coefficient for a cosolvent would facilitate
its rapid equilibration across the cytoplasmic membrane, re-
ducing or eliminating osmotically induced water flux. For a
benign cosolvent (e.g., glycerol), such equilibration may be
more favorable to cellular survival and growth than cosolvent
exclusion. Reduction of the osmotic permeability coefficient
(Pf) would slow cellular dehydration in response to osmotic
upshifts. Adjustment of surface stiffness and elasticity, either in
general or within local cell surface regions, would modulate the
degree to which swelling, shrinkage, and shape changes occur
in response to extracellular osmolality changes.

Passive structural responses of bacteria to osmolality
changes. How are the structures of bacterial cells influenced by
extracellular osmolality changes? Measurements of many cel-
lular properties are pertinent to this topic. They include turgor
pressure; cellular, cytoplasmic, and periplasmic volume (cell
partitioning); cell density (not population density); cell size,
shape and ultrastructure; and the mechanical properties of cell
surface layers. Relevant techniques are discussed in the Ap-
pendix. Some bacteria have been shown to maintain turgor
pressure (references 45 and 294 and references cited therein).
For example, the turgor pressure for E. coli cells cultivated in
standard, defined media is believed to be 3 to 5 atm. Although
the mechanical properties of bacteria have not been fully an-
alyzed (for reasons discussed above), studies of osmotic effects
on cell size and hydration offer some insight into their osmotic
relations.

Building upon earlier experiments performed with a variety
of bacteria, Alemohammad and Knowles (1) used turbidimetry
and solute distribution measurements in parallel to assess the
immediate effects of salts, sucrose, and glycerol (osmotic shifts
of up to 0.55 osmolal) on resting E. coli cells. The turbidity
increased over 2 min to reach a new value that was stable for
1 h after treatment with NaCl, MgCl2, or sucrose. Decreases in
both cell and cytoplasmic volume were observed by measuring
solute exclusion 30 min after the shift. Stopped-flow spectro-
photometry was used to establish that glycerol caused only a
transient (maximal at approximately 0.5 s and reversed within
8 s) increase in the turbidity of such cell suspensions. Subse-
quent research has confirmed that the cytoplasmic membrane
has a low reflection coefficient for glycerol (sGly), which can be
further reduced by the expression of facilitator GlpF (164).

These experiments established the time frame for the re-

sponse of E. coli cells to osmotic upshifts and validated the use
of glycerol as a membrane-permeant cosolvent during studies
of osmoadaptation by E. coli. The fact that elevation of extra-
cellular osmolality with glycerol fails to activate an osmoregu-
latory response is often taken as evidence that a change in
transmembrane osmolality gradient (or its consequence) is
sensed. However, dehydration of an osmosensor as a result of
cosolvent exclusion from intramolecular water pools could also
act as a stimulus (see “Hydration forces” above). Just as its lack
of charge and its small size allow glycerol to permeate cell
membranes, they may also allow it to penetrate intramolecular
water pools and hence fail to alter macromolecular (osmosen-
sor) conformation.

The impact of osmotic upshifts on the cellular, cytoplasmic,
and periplasmic water content (microliters per milligram of
protein or dry weight) of nutrient-deprived bacteria (E. coli
and Salmonella only) has been assessed by applying the solute
distribution technique (1, 38, 39, 260) (see Appendix). De-
creases in both cell and cytoplasmic water contents were ob-
served when osmotic upshifts were imposed with solutes ex-
pected to be excluded by the cell wall (polyglutamate) or the
cytoplasmic membrane (sucrose, MgCl2, or NaCl) but not with
cytoplasmic membrane-permeant solutes (glycerol or ethanol).
Osmotic shifts imposed on Salmonella with sucrose or on E.
coli with sucrose or NaCl were found to increase the fraction of
cell water that was periplasmic. However, the degrees and
morphological consequences of plasmolysis differed when os-
motic upshifts of the same magnitude (0.365 osmolal) were
imposed on E. coli cells with NaCl or sucrose (1).

Koch (125) used turbidimetry to analyze cellular changes 5 s
and 1 min after small osmotic upshifts (no larger than 0.25
osmolal) were imposed by adding arabinose or xylose to grow-
ing E. coli cells. Measurements were performed by stopped-
flow spectrophotometry and interpreted by fitting the data to a
light-scattering model in which the total intensity of the scat-
tered light (presumed to cover 0° through 180°) was related to
cell size. Cells were treated as solid rods (shapes obtained by
averaging that of a cylinder and that of an ellipse) of uniform
and invariant refractive index (corrections for changes to the
refractive index of the medium were applied). Turbidimetric
changes were reported as cell surface area and volume
changes. Arguing that the osmotic upshifts were too small to
cause plasmolysis and that the measurement times were too
short to accommodate metabolic changes (sugar uptake and/or
osmoregulatory activity), Koch reported that increasing the
osmotic upshifts elicited continuous cell surface area and vol-
ume decreases (without abrupt changes) to approximately 40
and 50%, respectively.

Baldwin et al. (12) measured changes in the buoyant density
(density gradient centrifugation) and size (Coulter counter and
light microscopy) of nutrient-deprived E. coli cells that were
subjected to small (0.15- to 0.45-osmolar) osmotic up- and
downshifts with NaCl or sucrose. Measurements performed
within 10 min of the osmotic shift indicated that buoyant den-
sity increased as cell size decreased in response to osmotic
upshifts and that buoyant density decreased as cell size in-
creased in response to osmotic downshifts. However, the vol-
ume changes were smaller than those reported by Koch (125)
(the surface area decreased 33% [microscopy] after a 0.15-
osmolar upshift, and the volume decreased 21.5% [Coulter
counter] after a 0.35-osmolar upshift). Since increased cellular
buoyant density would certainly be accompanied by an in-
creased cellular refractive index, Koch’s assumption that all
turbidity changes would reflect changes in cell size (125) was
not justified and may have contributed to overestimation of the
reported area and volume changes.
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By applying phase-contrast microscopy to filamentous (ftsA
and ftsI) E. coli mutants, Koch et al. (127) observed decreases
in cell length (on average, 17%) in response to detergent
(sodium dodecyl sulfate) disruption of the cytoplasmic mem-
brane. The observed shrinkage was attributed to elasticity of
the murein layer. This elasticity was tested further by measur-
ing the angular dependence (4° through 12°) of the intensity of
unpolarized light scattered by sacculus suspensions as their pH
was titrated over a range designed to adjust the net sacculus
charge from positive through negative values (129). The data
were fit to a model of the sacculi as hollow prolate ellipsoids,
assuming a constant thickness and refractive index of the
murein shell and a constant unique axial ratio of the ellipsoids,
in order to extract changes in sacculus width, reported as sac-
culus area. Although systematic changes in light scattering by
the sacculi were elicited by pH changes, their interpretation in
terms of sacculus area may not be justified. Others have also
reported murein elasticity, however (summarized in reference
58). Taken together, these results suggest that bacterial cell
surfaces are elastic, with their elastic moduli varying with cell
volume (perhaps turgor pressure) and ionic strength.

The studies summarized above suggest that the cytoplasmic
membrane and cell wall of E. coli act as a unit structure with a
sufficiently small elastic modulus (k) to permit overall cell
shrinkage in response to cellular dehydration. The available
measurements do not indicate whether turgor pressure is
maintained at a constant level as cells shrink in this way or
whether it declines steadily (see the discussion by Csonka and
Hanson [47]). It is also difficult to assess whether these adjust-
ments are accompanied by changes in periplasmic thickness
that might be detected by an osmosensor. The cytoplasmic
membrane partitions the cell interior into periplasmic and
cytoplasmic compartments. The osmolalities of the cytoplasm
and periplasm are sometimes assumed to be equal (228, 260),
but the experimental evidence supporting that assumption is
extremely limited. If periplasmic and cytoplasmic osmolalities
were always equal, the cytoplasmic membrane would be sub-
ject to area dilation or condensation only as a result of me-
chanical stress transmitted by its linkage to the cell wall and/or
the nucleoid (see below). Assessment of the relative osmolal-
ities of the cytoplasm and periplasm for bacteria growing in
diverse solvent environments should be a high experimental
priority.

The outer membrane is covalently linked to the murein

sacculus via lipoproteins (reference 147 and references
therein) and some porins. Although structural links between
the outer membrane and the murein layer may be stronger
and/or more densely spaced than those between the cell wall
and the cytoplasmic membrane, the latter links certainly exist
(147). The potential involvement of Bayer’s bridges in protein
secretion and of periseptal annuli in cell division has motivated
extensive electron microscopic analyses of plasmolyzed E. coli
cells. These observations clearly indicate that membranous
links between the cytoplasmic membrane and the cell wall
(Hechtian strands) are retained despite extensive plasmolysis
(118, 126, 251, 298). Limitations on fluorescence recovery after
photobleaching of periplasmic probes indicate that the
periplasm is partitioned, presumably by links between the
outer and cytoplasmic membranes (72). Woldringh et al. (299)
and Nanninga (198) emphasize the extensive linkage of cell
wall and cytoplasmic membrane effected by murein biosyn-
thetic enzyme complexes as well as the linkage of cytoplasmic
membrane and nucleoid effected by cotranslational protein
secretion. Thus, the cytoplasmic membrane acts as a structural
link between the cytoplasm (including the nucleoid) and the
cell wall, suggesting that it may experience local variations in
mechanical stress in response to both metabolic activity and
osmotic shifts.

Plant cell plasmolysis has been examined to assess the mo-
lecular bases for freezing and salinity tolerance (203, 219).
These studies, too, reveal the presence of Hechtian strands and
plasma membrane vesiculation in plasmolyzed cells. It has
been suggested that such structures may maintain the cytoplas-
mic membrane surface area, cell integrity, and polarity and
focus mechanical stress from the wall to the membrane during
the protoplast shrinkage that accompanies plasmolysis. In ad-
dition, vitronectin- and fibronectin-like proteins, present in
enhanced numbers in NaCl-adapted tobacco cells, are pro-
posed to mediate enhanced membrane-wall adhesion (309). It
would be interesting to learn whether the incidence of wall-
membrane adhesions also varies as a function of bacterial
growth medium osmolality and/or salinity.

Cell surface modifications and osmosensing. Does struc-
tural remodeling of the cell surface influence the osmotic stress
response? Genetic screening has revealed genes encoding E.
coli cell surface molecules whose expression is modulated by
extracellular osmolality (Table 3). In most cases, steady-state

TABLE 3. Osmoresponsive genes and operons in E. coli

Gene or operon Encoded function Locus-specific
transcriptional regulator(s) Reference(s)

aqpZ Aquaporin 32
betTIBA Choline uptake and oxidation BetTa 142
kdpFABCDE Potassium transport and transcriptional regulation KdpD/KdpE 2
mdo MDO synthesis 140
ompF Porin EnvZ/OmpR 255
ompC Porin EnvZ/OmpR 255
osmB Putative lipoprotein 109
osmC Putative lipoprotein 88
osmE Unknown 88
osmY Unknown 145, 306
otsAB Cytoplasmic trehalose synthesis 100
proP Compatible-solute transport 302
proU Compatible-solute transport 159 (see text)
stpA Nucleoid protein 73
treA Periplasmic trehalose hydrolysis 100

a BetI is a repressor that modulates the transcription of betT and betIBA from divergent promoters in response to choline supply, and ArcA represses their
transcription under anaerobic conditions. Osmotic induction of these loci is independent of BetI, H-NS and RpoS, however (142).
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levels of these elements have been reported but their influence
on the kinetics of the osmotic stress response has not.

Reciprocal variations in the levels of porins OmpF and
OmpC of E. coli are among the earliest discovered and the
most intensively studied examples of osmoadaptation (184,
255). Despite detailed studies of the controls exerted by the
two-component regulatory system EnvZ/OmpR over the tran-
scription of ompF and ompC, no change in osmotolerance (in
the steady state) has been associated with defects in the porins
or their regulation. Recent analyses suggest that porin closure
can be promoted by membrane-derived oligosaccharides
(MDOs) and by polyamines (53, 54, 107). Polyamines reduced
outer membrane aspartate permeability enough to influence
the chemotactic response (53). E. coli cells cultivated in media
of low osmolality and low ionic strength synthesize MDOs
(121). Since these anionic oligosaccharides are unable to cross
either the outer or the cytoplasmic membrane, they raise the
osmolality and ionic strength of the periplasm. Reduced outer
membrane permeability (limiting efflux of metabolic products)
and/or increased MDO levels might increase periplasmic os-
molality, increasing both the fraction of cell volume occupied
by the periplasm and the crowding of macromolecules in the
cytoplasm.

Modulation of porin levels and/or of their linkage to the
murein sacculus may also influence the stiffness and elasticity
of the cell surface. Since murein is anionic, elevation of the
ionic strength of the periplasm with MDOs and their counter-
ions may also influence the mechanical properties of the cell
wall (274). Transcription of the genes encoding other cell wall
proteins, including OsmB, OsmC, OsmE, and OsmY, is also
induced at high osmolality (Table 3). OsmB and OsmE are
believed to be lipoproteins. These proteins may be involved in
osmoregulatory cell wall remodeling as structural elements
and/or as enzymes. Each of these effects could influence the
responsiveness of cell structure to osmotic changes and the
kinetics of the osmotic stress response.

Since phospholipid composition profoundly influences the
structure and permeability of membranes (see “Solvent-mem-
brane interactions” above), it is also important to ascertain
whether environmental osmolality influences membrane phos-
pholipid composition. Temperature is a strong determinant of
biomembrane lipid composition; effects of environmental os-
molality on bacterial membrane lipids have been less exten-
sively documented (98, 155, 242, 243, 258). For a variety of
halotolerant and halophilic bacteria, both gram positive and
gram negative, growth media of increasing salinity elicit a de-
crease in the proportion of zwitterionic phospholipids (e.g.,
phosphatidylethanolamine) and a corresponding increase in
the proportion of anionic phospholipids (e.g., phosphatidyl-
glycerol, cardiolipin) (242, 243). Diverse changes in fatty acid
composition are observed, the strongest trend being an in-
crease in the cyclopropane fatty acid content among the phos-
pholipids of halophilic and halotolerant gram-negative bacte-
ria. Since NaCl has most often been used as cosolvent for these
studies, it is often not clear whether cells are responding to
changes in osmolality, ionic strength, or NaCl concentration
per se. In a few cases, however, NaCl and nonionic cosolvents
elicit similar changes (242). Limited data suggest that the head
group and acyl chain compositions of the phospholipids of E.
coli are relatively insensitive to medium salinity (1a, 57).

High levels of NaCl (3 M) lowered the Th for membrane
phospholipids from Vibrio costicola cells cultivated in media of
low salinity (1 M NaCl), so that the lipids were not lamellar at
30°C (270). The shifts in head group and acyl chain composi-
tion that occurred during growth of this organism in high-
salinity media (3 M NaCl) yielded membrane lipids which

remained lamellar in media of low and high salinity (271).
Changes in head group composition in response to osmotic
shifts resulted from an immediate cessation of phospholipid
biosynthesis followed, within a few minutes, by its resumption
at relative rates designed to effect the ultimate compositional
change (138, 242). Since these changes occurred rapidly and
without protein synthesis, the phospholipid biosynthetic en-
zymes were believed to sense and respond to the osmotic shifts.

The recent discovery of aquaporin AqpZ in E. coli and of
immunologically cross-reactive material or of aqpZ homo-
logues in other bacteria challenges the view that water enters
and leaves bacteria primarily via the phospholipid bilayer (32–
34). The aqpZ mRNA is monocistronic. While disruption of
aqpZ was not lethal for E. coli, aqpZ-deficient bacteria formed
smaller colonies on Luria-Bertani medium and survived less
well in liquid medium at 39°C or at low osmolality than did
aqpZ1 bacteria. Expression of aqpZ, tested by using an
aqpZ::lacZ fusion, peaked in mid-logarithmic phase and was
suppressed up to 30-fold when the bacteria were cultivated in
high-osmolality media (NaCl or KCl supplemented) (33). Fur-
ther experimentation is required to assess whether modulation
of Pf through aquaporin regulation alters the cellular response
to osmotic shifts.

Osmotic shifts, cytoplasmic composition, and nucleoid or-
ganization. For E. coli cells (exponential or stationary phase)
cultivated in low-osmolality (Luria-Bertani) medium, the mac-
romolecule concentration of the cytoplasm was estimated at
0.3 to 0.4 g/ml. Macromolecules were estimated to occupy 34 to
44% of the cytoplasmic volume (313). This volume exclusion
(or macromolecular crowding) is a consequence of the collec-
tive presence of diverse macromolecules. A similar effect
would be achieved in a homogeneous, 0.3- to 0.4-g/ml solution
of a globular protein with a molecular mass in the range 72 to
79 kDa if it did not aggregate or undergo specific interactions
with any other test molecule.

Phase separation—the formation of distinct liquid, aqueous
phases—is a well-known correlate of macromolecular crowd-
ing (291). It can result in the formation of macromolecule-rich
and -poor phases or in the formation of phases enriched for
different, incompatible macromolecules. The phase separation
between nucleoid and cytoplasm within bacteria (281) can be
considered in these terms. Polyamines (e.g., putrescine [tetra-
methylene diamine]), K1, and proteins may all be expected to
participate in the crowding-induced phase separation of the
nucleoid from other cytoplasmic constituents.

Zimmerman and Murphy argue that bacterial DNA is al-
ways in a condensed state as a result of macromolecular crowd-
ing (312). The bacterial nucleoid is estimated to have a DNA
concentration of 50 to 100 mg/ml and to occupy one-eighth to
one-fifth of the volume within the cell envelope. Hildebrandt
and Cozzarelli suggest that the balance among DNA conden-
sation due to macromolecular crowding (expected to enhance
associations), the connectivities of particular DNA sequences,
and the masking or spatial sequestration of those sequences by
proteins ensure their appropriate reactivity for processes such
as transcription and replication (99). Stabilization by macro-
molecular crowding has now been reproduced in vitro for low-
salt, spermidine nucleoids from E. coli, which retain nucleoid
proteins (193, 194). Analysis of the resulting structures sug-
gested that crowding might contribute to nucleoid condensa-
tion both directly, by condensing DNA, and indirectly, by en-
hancing partition of particular proteins into the nucleoid
phase.

Specific cations and anions (and not ionic strength per se)
are known to influence nucleoid structure and modulate tran-
scription (36, 151). Cations accumulate in the bacterial cyto-
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plasm and nucleoid because DNA and RNA, both present at
high levels, are polyanions (3). The physiologically significant
nucleic acid counterions in E. coli include K1, polyamines
(e.g., putrescine), and proteins. Thus, nucleic acids act as ion-
exchange matrices and cation exchange is required for gene
expression (36, 91, 151).

Decreased cellular hydration and alterations in cytoplasmic
ion content are immediate and sustained consequences of ex-
posure of bacteria to high-osmolality media. It is therefore
possible that osmosensors located in the cytoplasm (or on the
surface of the cytoplasmic membrane) detect significant
changes in macromolecular crowding under these circum-
stances. Osmotic upshifts also transiently inhibit DNA replica-
tion and cause transient or sustained induction of the tran-
scription of certain genes (see below). To understand how
changes in hydration influence replication or transcription, it is
necessary to consider how macromolecules and inorganic ions,
acting as cosolvents, influence nucleoid architecture. Further
consideration of this topic is beyond the scope of this review. It
is important to bear such effects in mind, however, when con-
sidering the sensory inputs to which osmoregulatory K1 trans-
porters may respond (see below).

Energy Metabolism

Osmotic upshifts. Avi-Dor and his colleagues first identified
effects of osmotic upshifts on energy-transducing enzymes
integral to bacterial cytoplasmic membranes through their
studies of osmoadaptation by Ba1, a moderately halophilic,
obligately aerobic gram-negative bacterium (summarized by
Ken-Dror et al. [120]). In E. coli, respiration (both NADH and
succinate dependent) (101, 172), facilitated diffusion of glyc-
erol or xylitol (101), and solute uptake via sugar and amino
acid transporters of the ATP binding cassette (ABC), phos-
photransferase, and ion-linked categories (84, 101, 236, 237)
are all inhibited within seconds when an osmotic upshift is
imposed with salts or sucrose but not with glycerol. This atten-
uation of energy metabolism defines phase I of the physiolog-
ical response to an osmotic upshift (Fig. 1). Activation of
transporters implicated in osmoregulation occurs in strong
contrast to these effects (see below).

Meury described strong (75%), transient inhibition of respi-
ration by an osmotic upshift imposed with 0.6 M NaCl (172).
This effect was partially reversed and a new, lower respiration
rate was established approximately 30 min after the shift.
Houssin et al. found respiration (20 min after the shift) to be
systematically reduced as the osmolality increased (101). These
effects were accompanied by a large and transient (reversed
within less than 10 min) increase in cellular ATP concentra-
tion, but it could be attributed to cell volume changes (101,
201). Effects of osmotic shifts on the proton permeability of the
membrane or F0F1-ATPase activity have not been reported.

Dinnbier et al. reported small, transient (reversed within 20
min) increases in cytoplasmic pH and DpH in response to an
osmotic upshift imposed with NaCl (0.5 M) (56). E. coli pos-
sesses two Na1/H1 antiporters (NhaA and NhaB), both of
which are implicated in the maintenance of DpNa1, pH ho-
meostasis, and salinity tolerance (205). Wild-type bacteria can
grow in minimal medium supplemented with up to 0.7 M NaCl
or KCl. Bacteria lacking nhaA tolerate less than 0.4 M NaCl
and remain unaffected by 0.7 M KCl (204). Deletion of nhaB,
alone, is without effect, but deletion of both loci produces
sensitivity to as little as 0.03 M NaCl (217). The Na1 sensitivity
of nhaA and nhaA nhaB mutants is exacerbated as the medium
pH increases, and an additional system, ChaA, is implicated in
Na1 and Ca21 extrusion at high pH (202). These systems,

along with other K1/H1 and Ca21/H1 antiporters, are ex-
pected to mediate alkalinization of the cytoplasm when os-
motic upshifts are imposed with the corresponding salts. They
are tightly controlled (205). Thus, although transient changes
are likely, no steady-state alteration in either component of the
proton motive force (neither DpH nor the membrane poten-
tial, Dc) was detected during the period from 20 to 40 min
after osmotic upshifts (0.28 to 1.88 osmolal) were imposed on
E. coli with NaCl or sucrose at pH 7.6 (101). It would be
interesting to know whether ionic and nonionic osmolytes exert
differential effects in a more alkaline environment.

How do osmotic upshifts inhibit respiration? The rate and
level at which respiration resumed after an osmotic upshift
were dramatically attenuated for E. coli cells deficient in K1

uptake (kdpABC5 trkA405 trkD1) (172). Ken-Dror et al. (120)
suggested that glycine betaine stimulated respiration in salt-
stressed bacterium Ba1 because Na1/glycine betaine symport
satisfied an Na1 requirement for respiration. These observa-
tions suggest that cation accumulation during osmoadaptation
is required to restore membrane-linked energy metabolism.
For E. coli, this requirement may be K1 specific (not merely a
function of cytoplasmic rehydration) since glycine betaine ac-
cumulation did not fully replace K1 accumulation in this re-
spect (172). A specific K1 requirement for respiration by
EDTA-treated E. coli cells has been reported (206), but its
mechanistic basis is unknown.

It may appear contradictory that ATP pools and the proton
motive force remain stable while respiration is reduced in
response to osmotic upshifts. These effects may be at least
partially explained by respiratory control. As expected on that
basis, the proton ionophore carbonyl cyanide m-chlorophenyl-
hydrazone (CCCP) stimulated respiration by NaCl- or glucose-
stressed E. coli cells (168). Direct effects of osmolality on
membrane lipid and/or protein structure and organization are
postulated to be responsible for the generalized inhibition of
membrane-based functions (101). The operation of specific
regulatory mechanisms has not been ruled out, however. The
observations summarized above suggest that only small, tran-
sient perturbations to the proton motive force and ATP levels
are associated with osmotic upshifts in E. coli. While such
transient changes could conceivably trigger osmosensory re-
sponses (e.g., phosphorylation cascades), they cannot account
for more sustained phenomena.

Osmotic downshifts. Osmotic downshifts have long been
known to elicit rapid and extensive solute efflux from bacteria,
including E. coli (279), the cyanobacteria Synechococcus and
Synechocystis (231), and the halophile Ectothiorhodospira halo-
chloris (280). It is also evident that the specificity and extent of
solute release depend upon the history of the bacteria, the
magnitude of the osmotic gradient, and the speed with which it
is imposed (see, e.g., references 16 and 176), as well as the
temperature (see the discussion by Schleyer et al. [249]). For
example, compatible-solute efflux (see below) can occur with-
out (241, 249) or with (16) ATP efflux, and this difference is
correlated with the magnitude and conditions of the imposed
shifts (249). These observations are consistent with known
effects of temperature and imposed osmotic gradients on phos-
pholipid bilayer permeability.

Milner et al. observed decreases in the initial rates of glu-
tamine uptake (via an ABC transporter [more than sixfold]),
serine uptake (via an Na1/serine symporter [approximately
twofold]), and proline uptake (via ProP, an osmoregulatory
H1/proline symporter [sevenfold]) when E. coli cells cultivated
in 0.3 M NaCl-supplemented minimal medium were intro-
duced to a transport assay medium lacking that supplement
(180). Cairney et al. showed strong reductions in the activities
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of the osmoregulatory transporters ProP and ProU (an ABC
transporter) of Salmonella typhimurium under analogous con-
ditions (31). No bioenergetic parameters (e.g., respiration
rates, ATP levels, Dc, DpH, and other ion gradients) were
reported, but comparisons with other data suggest that the
reduced transport activities may have reflected both ATP efflux
and dissipation of the proton motive force. Ruffert et al. found
that a transient decrease in ATP levels and a sustained and
profound decrease in the membrane potential accompanied
the specific efflux of glycine betaine elicited by continuous
dilution of a Corynebacterium glutamicum suspension (241).
The capacity for active solute uptake is rapidly regained after
osmotic downshifts (see below), suggesting that energy metab-
olism resumes rapidly.

Adjustment of Cytoplasmic Solvent Composition

As noted above, the modulation of cytoplasmic solvent com-
position reverses the growth-inhibitory effects of environ-
mental osmolality changes on bacteria. To identify putative
osmosensors and the signals that they detect, the following
discussion focuses on cytoplasmic cosolvent selection as well as
the temporal sequence and consequences of cosolvent accu-
mulation and release. More detailed information about osmo-
regulatory genes and enzymes in diverse organisms can be
found in references 6, 45–47, 74, 87, 119, 178, 220, and 263.

Extensive studies of E. coli indicate that the pattern of re-
sponse to an osmotic upshift is contingent upon the availability
of osmoprotectants. The availability of K1, the magnitude of
the imposed shift, the medium pH, and the supplies of carbon
and nitrogen for growth are also important in tuning the os-
moregulatory response to suit particular conditions. The rela-
tive importance of K1 for osmoregulation by other organisms
is not yet clear, however (220). For E. coli cells in the absence
of osmoprotectants, K1 influx and associated adjustments in
levels of other ionic and nonionic cosolvents occur during
phases II and III of the response, extending for as long as 1 h
after the shift (Fig. 1). Phase II is compressed and altered in
the presence of osmoprotectants, extending for as little as 10 to
20 min after the shift.

Cosolvent accumulation: absence of osmoprotectants. K1

uptake and putrescine efflux are triggered as other energy-
linked functions cease within seconds after an osmotic upshift.
Transporters Trk and Kdp mediate K1 accumulation by E. coli
in response to osmotic upshifts. Osmotic control over the syn-
thesis and activity of these transporters, exerted at the level of
the cytoplasmic membrane, is discussed below.

Putrescine efflux accompanies K1 uptake in response to
osmotic upshifts (up to 1.6 osmolar) imposed with NaCl,
MgCl2, KCl, or sucrose (but not glycerol), and putrescine is
rapidly reaccumulated when cells are transferred to a low-
osmolality medium (192). In experiments with whole bacteria,
putrescine efflux in response to an osmotic upshift was contin-
gent on the availability of exogenous K1, but K1 uptake was
not reduced by prior depletion of endogenous putrescine. The
PotE protein of E. coli, predicted to be an integral membrane
protein with 12 transmembrane a-helices, possesses weak pu-
trescine uptake and putrescine/ornithine antiport activities (5
and 1 nmol/min/mg of protein, respectively, in bacteria ex-
pressing recombinant plasmid-encoded potE) (114–116). The
former activity is dependent upon the proton motive force.
Neither the ion-coupling specificity and stoichiometry nor the
dependence of this activity on K1 or osmolality has been re-
ported, nor has the impact of a potE mutation on the initial
phase of osmoadaptation. These experiments are necessary to

assess whether this system may mediate the osmoresponsive
putrescine efflux first described by Munro et al. (192).

K1 accumulation, particularly in cells exposed to very-high-
osmolality media, exceeds the capacity for charge balance af-
forded by proton and putrescine efflux (6, 7, 56). Anions must
therefore accumulate. Glutamate begins to accumulate within
approximately 1 min of an osmotic upshift in E. coli (56, 168).
Indeed, glutamate fulfills this role under most conditions and
in most organisms examined to date, although other species
may contribute (e.g., morpholinepropanesulfonic acid [MOPS]
[40] and unknown species in nitrogen-limited E. coli cells
[293]). In view of the high flux via the glutamate biosynthetic
pathways even at low osmolality, reduced utilization of gluta-
mate for the synthesis of other nitrogen-containing compounds
(including proteins) may be sufficient to ensure glutamate ac-
cumulation in response to an osmotic upshift (168). However,
K1 accumulation is not contingent upon glutamate accumula-
tion in E. coli (168). The coincident glutamate and K1 efflux
which occurred when ammonium was added to an S. typhi-
murium glnE mutant may have resulted from the activation of
efflux mechanisms in response to massive glutamine accumu-
lation, not to a specific glutamate requirement per se (303).
Observed changes in K1, putrescine, and glutamate levels have
been estimated to be sufficient to maintain electroneutrality
(36, 168).

K1 replaces putrescine as a nucleic acid counterion during
phase II of adaptation to an osmotic upshift. McLaggan et al.
(168) estimated the quantity of K1 in E. coli not constrained by
interactions with fixed anions (the K1 released by cold osmotic
downshock). K1 release increased from 0.22 to 0.67 mmol/mg
(dry weight) and the quantity of residual K1 increased from
0.36 to 0.64 mmol/mg (dry weight) for E. coli cells cultivated in
medium of 0.17 to 1.24 osmolal. Richey et al. arrived at similar
estimates on the basis of nuclear magnetic resonance spectros-
copy (233). Guttman et al. concluded that interactions with
rRNA (not DNA) influenced the nuclear magnetic resonance
spectrum of approximately 60% of the K1 in the cytoplasm of
E. coli (cultivated at low and high osmolality) (90). It has been
suggested that the exchange of putrescine for K1 elevates
cytoplasmic osmolality while reducing the impact of K1 uptake
and glutamate accumulation on cytoplasmic ionic strength (36,
192). An increase in ionic strength would inevitably accompany
the accumulation of osmotically active K1 and counterions in
response to high-osmolality media, however. It is unfortunate
that although two physicochemically different K1 pools have
been identified, it has not been possible to estimate their os-
motic activities.

For E. coli cells growing in the absence of osmoprotectants,
biosynthetic accumulation of compatible solute trehalose fol-
lows glutamate accumulation and overlaps phases II and III of
the response to an osmotic upshift (Fig. 1) (56). Trehalose
accumulation is enhanced in bacteria growing in nitrogen-lim-
ited media and diminished in bacteria growing in carbon-lim-
ited media (293). It is effected through transcriptional control
of the treA, treBC otsA, and otsB loci and perhaps also through
the activation of the trehalose biosynthetic enzyme OtsA by
K1 glutamate (see discussions by Lucht and Bremer [159] and
Horlacher and Boos [100]). The mechanism of osmoregulatory
trehalose accumulation is not discussed further here because it
does not appear to involve membrane-based osmosensing.

Phases II and III of the response to an osmotic upshift are
further defined by increased transcription of other osmore-
sponsive genes and operons (and by reduced transcription of
the ompF locus) (Table 3). Expression of the genetic loci proP
and proU by E. coli is induced in the absence of the substrates
of their encoded transporters. Experiments performed with
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lacZ fusions indicate that transcription of the kdp, proP, and
proU loci begins within minutes and proceeds with a half time
of approximately 20 to 30 min. In bacteria proficient for glycine
betaine transport, transcription of proP and proU (but not the
kdp operon) is attenuated in the presence of glycine betaine,
indicating that osmoprotectant accumulation attenuates the
activating signal for the former systems (59, 108, 141, 169, 170,
269).

These osmoresponsive loci can be divided into two catego-
ries. For the first group, represented by proU and proP, no
locus-specific, trans-acting regulatory factor appears to partic-
ipate in osmotic induction. For the second group, represented
by ompF-ompC and the kdp operon, transcription is controlled
by a locus-specific two-component regulatory system (EnvZ-
OmpR and KdpD-KdpE, respectively). Cytoplasmic mem-
brane-associated sensor kinases EnvZ and KdpD alter tran-
scription in response to osmotic changes and other signals. The
mechanism by which KdpD detects osmotic shifts is discussed
in more detail below (see “K1 transporters of E. coli”).

Cosolvent accumulation: presence of osmoprotectants. Os-
moprotectants are compounds that enter the cytoplasm
through the action of osmoregulatory transporters and act as
or are converted to compatible solutes. In all organisms exam-
ined to date, multiple transporters, falling into the ion sym-
porter and ABC transporter classes and with overlapping sub-
strate specificities, mediate osmoprotectant uptake.

ProP, a broad-specificity osmoprotectant/H1 symporter, is
activated when an osmotic upshift is imposed on cells (E. coli
or S. typhimurium) cultivated in low-osmolality media (59, 84,
179). It is now evident that secondary transporters which me-
diate osmoprotectant uptake fall into distinct phylogenetic
groups (246). For example, members of the major facilitator
superfamily include the ProP system of E. coli (50) and OusA
of Erwinia chrysanthemi (82). A second group includes the
choline transporter BetT of E. coli (264) and the glycine be-
taine transporters OpuD of Bacillus subtilis (113) and BetP of
Corynebacterium glutamicum (213). Proline transporter OpuE
of B. subtilis (287) is not linked to either of these groups.
Analogous activities have been identified in a variety of other
organisms but have not yet been defined at a structural level
(220).

ProU (ProVWX), a broad-specificity osmoprotectant trans-
porter of the ABC transporter class, is also activated when an
osmotic upshift is imposed on E. coli cells cultivated in low-
osmolality media (68). Systems OpuA and OpuC of B. subtilis
(92, 113) are sequence homologues of E. coli ProU. Structur-
ally undefined osmoprotectant transporters of the ABC class

are present in other organisms including Rhizobium meliloti
(178) and Listeria monocytogenes (283).

Although some osmoprotectant transporters are similar to
those of E. coli in being both activated and induced by osmotic
upshifts, others are reported to respond only at the genetic or
biochemical level. Technical issues may have impeded the de-
tection of transporter regulation in some cases, however (220).
Like the K1 transporters Trk and Kdp, at least some osmo-
protectant transporters are not merely resistant to inhibition by
osmotic upshifts. Their activities increase, in the absence of
protein synthesis, if the osmolality of the external medium is
raised through the addition of salts or organic osmolytes (Ta-
ble 4). It is now clear that the ProP transporter can both sense
and respond to an osmotic upshift. The mechanism by which
this occurs is discussed further below.

Phase II of the response to an osmotic upshift is altered and
truncated when it includes uptake of both K1 and compatible
solutes. Respiration was inhibited to a lesser degree and the
organism was resistant to inhibition over a wider osmolality
range when glycine betaine was provided to bacterium Ba1
(120) or to E. coli (101, 172) than when it was absent. Glycine
betaine also afforded some protection against osmotic inhibi-
tion of sugar transporters of the ABC, ion-linked, and phos-
photransferase classes in E. coli (101). Compatible solutes are
more effective than K1 and its counterions in effecting cyto-
plasmic rehydration, and their accumulation allows cells to
reduce or avoid the pleiotropic effects of K1/counterion accu-
mulation on cell structure and physiology. Indeed, proline or
glycine betaine uptake reduced the rate and extent of K1

uptake and eliminated biosynthetic trehalose accumulation by
E. coli cells subjected to osmotic upshifts (56, 172). Steady-
state compatible-solute accumulation has been repeatedly ob-
served to attenuate K1 accumulation by diverse bacteria cul-
tivated in high-osmolality media. Thus bacteria clearly express
a preference for compatible solutes over K1 as osmoregula-
tors.

Since E. coli accumulates some K1 when an osmotic upshift
is imposed in the presence of a compatible solute (56), K1

appears to meet needs not satisfied by compatible-solute ac-
cumulation. K1 uptake is generally believed to precede com-
patible-solute uptake in response to an osmotic upshift, and
exogenous K1 is required for full activation of the ProP trans-
porter in E. coli and S. typhimurium (131, 162). The timescales
for activation of these transporters are near or even beyond
those of most uptake assays, however, and no direct compar-
ison of the activation kinetics of the transporters has been
reported. It is therefore not clear whether K1 is required only

TABLE 4. Osmotically activated osmoprotectant transportersa

Transporter class Transporter
name Organism

Activatorb
Sequence

known Reference
I NI

ABC transporter ProU Escherichia coli Yes Yes Yes 68
Not assigned Listeria monocytogenes Yes NT No 283

Ion symporter ProP Escherichia coli Yes Yes Yes 84
Salmonella typhimurium Yes NT No 31

BetT Escherichia coli Yes NT Yes 264
Not assigned Staphylococcus aureus Yes Yes No 222
OpuD Bacillus subtilis Yes NT Yes 113
BetP Corynebacterium glutamicum Yes Yes Yes 213
Not assigned Listeria monocytogenes Yes Yes No 79

a The listed transporters were activated by an osmotic upshift imposed with at least one ionic or nonionic cosolvent in the absence of protein synthesis.
b I, ionic; NI, nonionic; NT, not tested.
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for respiration (as discussed above) or whether it is integral to
the osmoregulatory mechanism of ProP.

Cosolvent efflux. Systematic analysis of solute efflux and
exchange by bacteria is a recent phenomenon, motivated in
part by the needs of the biotechnology industry (133). It is now
clear that bacteria possess distinct uptake, exchange, and efflux
mechanisms and that each of those processes is integral to
metabolism. However, particular technical challenges face
those who wish to differentiate efflux from exchange and “pas-
sive” efflux from efflux mediated by channels or by transporters
(133). In particular, data must now be interpreted with the
knowledge that multiple, poorly selective mechanosensitive
channels mediate metabolite efflux across the cytoplasmic
membranes of bacteria (16, 21, 49, 241).

Cosolvent efflux mechanisms may be required for the sur-
vival of bacteria that adapt to a high-osmolality medium and
then experience an osmotic downshift, to offer an alternative to
feedback mechanisms limiting cosolvent uptake and to provide
opportunities for selective cosolvent retention (131). Rapid (1-
to 2-min) release of K1, glutamate, and/or compatible solutes,
without wholesale loss of metabolite pools, has been reported
for Synechocystis (231), E. coli (249), B. subtilis (300), L. plan-
tarum (80), C. glutamicum (144, 241), and L. monocytogenes
(283). Thus, rapid but specific solute efflux defines phase II of
bacterial responses to osmotic downshifts.

Gadolinium ions (Gd31) inhibited both mechanosensitive
channel activity and the release of ATP, glutamate, and lactose
but not K1 or Rb1 from E. coli. Gd31 also reduced osmotically
induced cosolvent efflux from other organisms (16, 80, 144,
241). Since Gd31 is an inhibitor of mechanosensitive channels,
these studies suggested that channels play a role in adaptation
to osmotic downshifts. Gd31 may act directly on mechanosen-
sitive channels, or its effects may be exerted via membrane
lipids (64, 65).

In E. coli, K1 release, elicited by either an osmotic downshift
or glycine betaine uptake, was independent of known K1 up-
take and efflux mechanisms (Trk, Kdp, Kup, KefB, and KefC)
(8, 249). Rapid K1 reaccumulation established a reduced K1

pool after the shift, and that process was compromised in
bacteria lacking transporter Trk (249). Using osmotic upshifts
to elicit K1 uptake and continuous slow dilution to elicit K1

release, Meury et al. demonstrated that these two processes
followed distinct pathways (176). Unlike the former, the latter
pathway excluded Rb1 and was inhibited by the eukaryotic K1

channel blockers tetraethylammonium and phencyclidine.
Schleyer et al. reported nonspecific effects of Gd31, quinine,
and phencyclidine on K1 efflux and reuptake, however (249).

Glycine betaine was released from S. typhimurium in the
absence of the osmoregulatory transporters ProP and ProU,
but serine was also released under the conditions used in this
experiment. Rapid, specific loss of glycine betaine, indepen-
dent of ProP and ProU, was elicited by the thiol reagents
N-ethylmaleimide and p-chloromercuribenzenesulfonic acid in
the absence of osmotic shifts (131). A small amount of glycine
betaine was released to the growth medium when bet1 E. coli
cells were cultivated in a high-osmolality medium in the pres-
ence of choline. That release was dramatically enhanced by
lesions inactivating the glycine betaine-specific transporters
ProP and ProU (143). By analogy, a defect in the periplasmic
trehalase, TreA, required to facilitate the uptake of exogenous
trehalose as glucose, stimulated the excretion of trehalose dur-
ing cultivation of E. coli in a high-osmolality medium (265).
Schleyer et al. observed rapid reuptake of glutamate, but not
trehalose, after both were released from E. coli by an osmotic
downshift (249). Thus, osmotically stimulated cosolvent efflux
appears to occur via a mechanism(s) distinct from that of

cosolvent uptake. Furthermore, the cytoplasmic compatible-
solute levels maintained during steady-state adaptation to
high-osmolality media may be set by a balance between distinct
active uptake and efflux mechanisms. The high rate and limited
specificity of metabolite efflux have led some authors to pro-
pose that it is channel mediated (16).

Lively controversy surrounded the discovery of mechanosen-
sitive channels in the cytoplasmic membranes of bacteria, in-
cluding E. coli, B. subtilis, and Streptococcus faecalis (summa-
rized by Berrier et al. [14]). Channels have been enumerated in
patches excised from giant proteoliposomes reconstituted from
an E. coli cytoplasmic membrane fraction and from giant
round E. coli cells with disrupted walls. These studies revealed
arrays of poorly selective stretch-activated conductances (0.1
to 2.3 nS in 0.1 M KCl) (14, 15). Whereas complex conduc-
tance patterns were observed during patch clamping of native
membranes, reconstituted systems showed clusters of related
conductances which differed from patch to patch. In both prep-
arations, higher negative pressures were required to activate
channels with higher conductance.

Two laboratories have added evidence that mechanosensi-
tive channels contribute to osmoadaptation. Using whole-cell
patch clamp recording, Cui et al. demonstrated that 0.35- and
1.1-nS channels (400 mM symmetric KCl) could be activated
by applying positive pressure to the cell interior or by decreas-
ing the extracellular osmolality (49). These channels remained
in bacteria defective for K1 efflux systems KefB and KefC (not
implicated in osmoregulation) and in those deficient for mscL.
A kefA defect, previously shown to enhance the K1 sensitivity
of E. coli, prolonged the channel open time and rendered the
conductance more pressure sensitive without changing the
magnitude of the channel conductance (48). The pressure sen-
sitivity of these whole-cell preparations may have precluded
the detection of channels that open only at higher pressures.
MscL, present in the cytoplasmic membrane of E. coli, is the
first mechanosensitive channel to be characterized at the mo-
lecular level (268). The osmosensory mechanism of MscL and
evidence for its involvement in osmotic adaptation (20) are
discussed below.

Osmoregulation, Turgor Pressure, Cell Growth,
and Cell Division

The concept that turgor pressure is required for cell growth
originated and is effectively described in the plant physiology
literature (27, 200, 210). Cell growth requires plastic (irrevers-
ible) cell expansion, which can occur with or without the ad-
dition of new cell wall material. Breakage and reformation of
chemical bonds can alter the shape of the cell wall (for exam-
ple, making it larger in surface area and thinner) without
changing its mass, but of course continuing cell growth and
division require the addition of new material. In considering
plant cell expansion, Lockhart (157, 158) noted two possibili-
ties. (i) The cell wall area expands plastically by incorporating
new material. Water uptake is a secondary response to the
resulting decrease in turgor pressure and hence in the chemical
potential of intracellular water. (ii) The cell wall area expands
plastically, and without incorporating new wall material, by
yielding to turgor pressure. Water uptake and the incorpora-
tion of new wall material are secondary responses to cell wall
expansion.

The former theory predicts that all cell wall expansion de-
pends quantitatively on the incorporation of new cell wall
material. The latter predicts that cell wall expansion requires
maintenance of turgor pressure above some threshold value, as
articulated in the Lockhart equation:
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dV/Vdt 5 w~DP 2 DPy! (12)

where V is cell volume, t is time, w is a “yielding compliance,”
describing the ability of the cell surface to expand plastically
(irreversibly) in response to turgor pressure, and DPy is a crit-
ical turgor pressure or yield threshold. The equation states that
the cell will grow, if turgor pressure exceeds DPy, at a rate
determined by the yielding compliance (w) and the degree to
which DP exceeds DPy. The yielding compliance, defined in this
way, incorporates plastic cell wall expansion with and without
the addition of new cell wall material. During steady-state cell
growth, the rate of increase of the cell volume (through uptake
of water and other materials) must match that of wall yielding;
no variation in turgor pressure is required.

Lockhart (157) concluded that the second of the above the-
ories best described plant cell growth; the growth of walled
cells has since been discussed in terms of the Lockhart equa-
tion (89, 200, 210). Nevertheless, a number of observations cast
doubt on the generality of Lockhart’s conclusion for all walled
cells and on its extension to encompass regulation of cell
growth by turgor pressure (18, 27, 43, 89, 191, 273). For exam-
ple, Harold and his colleagues have shown that the oomycete
Saprolegnia ferax can extend and generate normal hyphal mor-
phology without experiencing measurable turgor pressure (95,
96, 186).

Evaluation of the common assumption that bacteria osmo-
regulate to maintain turgor pressure and that they maintain
turgor pressure to grow is central to any discussion of osmo-
sensing. Do bacteria maintain turgor pressure at a set point or
above a critical threshold? Is there a correlation between tur-
gor pressure maintenance and cell growth or division? If these
relationships exist, are they causally linked (42)? The answers
will help determine whether turgor pressure sensors should or
should not be sought by students of osmoregulation.

Difficulties associated with measurement of bacterial turgor
pressure and cell volume, size, shape, and compartmentation
are discussed in the Appendix. Although each of the applicable
techniques has been used to estimate turgor pressure in bac-
teria, examinations of the turgor pressure of osmoregulating
bacteria as a function of extracellular osmolality are rare. Stud-
ies of gas vesicle collapse in response to externally applied
pressure suggested that the turgor pressures maintained by
Microcystis sp. (230) and Ancylobacter aquaticus (215) cells
decreased as a function of growth medium osmolality. Thus,
turgor pressure might have been maintained above a minimum
value, but it was not maintained at a unique “set point.” What-
more and Reed (294) used plasmolysis titrations to examine
the recovery of turgor pressure after osmotic upshifts were
imposed on growing B. subtilis cells. Cell volumes were esti-
mated with the Coulter counter, and all observed volume
change was attributed to the cytoplasm. Turgor pressure varied
from 0.753 osmolal before the shift to 0.325, 0.489, and 0.757
osmolal at intervals immediately, 2 h, and 5 h after an osmotic
upshift was imposed with 0.4 M NaCl. These results suggested
that B. subtilis cells growing under these conditions do osmo-
regulate to achieve a turgor pressure set point. However, they
do not support the generalization that B. subtilis cells behave in
this way under all conditions or that all bacteria osmoregulate
to maintain turgor pressure. Effects of growth medium osmo-
lality on the size, compartmentation, and hydration of meta-
bolically active bacteria offer some additional insight.

Structural responses of metabolically active bacteria to os-
motic shifts. By applying the solute distribution technique to E.
coli cells growing in the absence of osmoprotectants, Dinnbier
et al. demonstrated transient decreases in cell and cytoplasmic
water content (milliliters per gram of protein) in response to a

1-osmolal osmotic upshift imposed with NaCl (56). The cells
recovered partially, reaching reduced steady-state water con-
tents within approximately 10 min of the osmotic shift. Meury
reported similar variations in cytoplasmic water content for E.
coli (172). Analogous results were obtained when Skjerdal et
al. applied inulin and sorbitol as probes to determine cellular
and cytoplasmic hydration changes in Brevibacterium lactofer-
mentum and C. glutamicum (the osmotic shift was imposed
with 0.6 M NaCl), but no evidence was offered to validate this
use of sorbitol (254). These observations suggest that if nutri-
ents are provided, cells adapt within minutes to at least some
effects of increased medium salinity on cell structure.

Meury et al. monitored culture turbidity, K1 uptake, DNA
content, protein content, cell size, and cell concentration
(Coulter counter) after E. coli cells (strains AB1157 [proA] and
C600 [pro1]) were subjected to osmotic upshifts in minimal
salts medium (171–174). They observed a transient increase in
turbidity, rising within 2 to 3 min and reversing over approxi-
mately 30 min, for suspensions of growing E. coli cells sub-
jected to large osmotic upshifts (up to 1.2 osmolar) imposed
with NaCl or KCl in the absence of osmoprotectants (strain
C600) or in the presence of osmoprotectant proline (strain
AB1157). This transient was then followed by a sustained in-
crease. The initial turbidity increase was probably related to
cellular dehydration. Subsequent changes in turbidity were
also related to changes in cell volume, shape, and concentra-
tion.

Following an osmotic upshift (1.2 osmolar, applied with
NaCl), K1 uptake began immediately as most DNA and pro-
tein synthesis ceased. After 40 min, K1 had reached an ele-
vated, steady-state level as both DNA and protein synthesis
resumed. The observed K1 uptake was mediated by the Trk
transporter (175). Cell division was arrested and the mean cell
volume increased steadily following the osmotic shift. Phase-
contrast microscopy revealed that cell length doubled at con-
stant cell diameter, so that the observed volume change was
not due to a change in cell shape at constant surface area (171).
Cell division resumed, at a reduced rate, only after the mean
cell volume had doubled. The size of Staphylococcus aureus
cells cultivated in a defined medium (0.2 osmolal) also in-
creased as the osmolality was elevated 10-fold with NaCl,
NaNO3, or KCl but not with sucrose, sorbitol, or glycerol
(285).

Increasing medium salinity was correlated with a decreased
steady-state cell water content when Halomonas elongata and
E. coli were cultivated in minimal salts media without osmo-
protectants (for H. elongata, the media were supplemented
with 0.05 to 3.4 M NaCl and data were expressed as microliters
per milligram [dry weight] [288]; for E. coli, the media were
supplemented with 0 to 0.65 M NaCl and the data were ex-
pressed as microliters per milligram of protein [38, 146, 233]).
This was not true for L. monocytogenes, although high levels of
errors may have obscured real reductions in that case (211).

For E. coli, increased medium salinity was correlated with
reduced cytoplasmic water content (38, 101, 146, 233) and
increased periplasmic water content (microliters per milligram
of protein) (38, 233). The hydration of E. coli ML cells as a
function of medium osmolality was also investigated by density
gradient ultracentrifugation. Cellular buoyant density in-
creased as medium salinity increased for E. coli (0.005 to 2.0
osmolal) (10, 11) and Salmonella (0.3 to 2.0 osmolal) (9),
indicating decreasing hydration. However, neither cell age (as
indicated by cell size at constant osmolality and nutrient sup-
ply) nor growth rate affected buoyant density for E. coli (136).
At constant diameter and periplasmic thickness, an increase in
E. coli cell volume (or length, as discussed above) would re-
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duce the fraction of the cell volume occupied by the periplasm
by less than 1%. Cayley et al. (38) reported an increase in the
periplasmic fraction of cell water from 15% after growth in
0.28-osmolal growth medium to 37% after growth in 1.02-
osmolal growth medium. Such results would indicate a sus-
tained, two- to threefold increase in periplasmic thickness for
cells with the dimensions reported by Meury (171).

Glycine betaine triggers further remodeling of bacterial cells
under high-osmolality conditions. Meury et al. monitored the
response to 1 mM glycine betaine of E. coli cells that had
adapted to a high-osmolality medium (1.5 osmolar) (171–174).
Following glycine betaine addition (and immediate uptake),
the culture turbidity decreased and DNA synthesis accelerated
as protein synthesis and cell division were attenuated. Glycine
betaine attained a steady-state cytoplasmic level after 15 min.
DNA synthesis accelerated further, and both protein synthesis
and cell division resumed at elevated rates after 80 min. The
mean cell volume fell steadily throughout this period, attaining
a level near that in low-osmolality (0.3 osmolar) medium after
90 min. For E. coli cells cultivated in a minimal medium sup-
plemented with 0.5 M NaCl (1.02 osmolar), the osmopro-
tectants glycine betaine and proline (1 mM) increased cyto-
plasmic hydration to approximately the levels observed for
cells cultivated in the same medium supplemented with 0.2 M
NaCl (0.47 osmolar) and 0.4 M NaCl (0.83 osmolar), respec-
tively (39). The increase in size of S. aureus cells cultivated in
a defined medium of high salinity was also reversed if the
bacteria were provided with glycine betaine as osmoprotectant
(285). These responses of S. aureus were related to salinity, not
osmolality, and effects of salinity and osmoprotection on cell
density were not reported.

These observations can be summarized as follows. (i) The
rate of macromolecular synthesis correlates with cytoplasmic
hydration and K1 content, at least for E. coli. After an osmotic
upshift, attainment of an elevated steady-state K1 and/or com-
patible solute level precedes the resumption of DNA and
(most) protein synthesis.

(ii) Steady-state cellular and cytoplasmic hydration vary in-
versely, whereas periplasmic (or cell wall) thickness or hydra-
tion and cell volume vary directly with growth medium osmo-
lality, at least for some bacteria.

(iii) The growth rate of E. coli is inversely correlated with

growth medium osmolality (38). Since chromosome copy num-
ber is inversely proportional to growth rate for E. coli, both
reduced copy number and increased cell volume would counter
the effect of sustained cytoplasmic dehydration on DNA con-
centration in the cytoplasm of cells grown in high-osmolality
media.

These interpretations are consistent with the view that K1

and compatible-solute accumulation by osmoregulating bacte-
ria are required to modulate nucleoid structure and facilitate
macromolecular synthesis (228, 229). They also indicate strik-
ing effects of osmoadaptation on bacterial morphology and
ultrastructure that warrant further investigation. Substantial
changes in cell surface stress and strain are clearly associated
with both transient and steady-state osmoadaptation, but these
changes are not easy to define. The degree to which osmoregu-
lating bacteria regain turgor pressure in the steady state is
unclear.

CYTOPLASMIC MEMBRANE-BASED OSMOSENSORS

Cytoplasmic membrane-based proteins are implicated in the
earliest bacterial responses to osmotic up- and downshifts (Ta-
ble 5). Most mediate osmoregulatory transmembrane solute
flux; two are sensor constituents of transcriptional regulatory
systems. Two proteins, MscL and ProP, have been shown to
function alone, in proteoliposomes, as both osmosensors and
respondents to osmotic shifts. The stage is therefore set for the
further elucidation of membrane-based osmosensory mecha-
nisms.

Cytoplasmic membrane localization of an osmosensor fo-
cuses the search for the stimulus that it detects. The array of
possibilities is still large, however, particularly if sensory do-
mains associated with the periplasmic and cytoplasmic faces of
the membrane are included (Table 2). For systems that are
functional, alone, in proteoliposomes, dependence on other
cellular constituents (or their activities) can be ruled out. It will
now be important to answer the following, overlapping ques-
tions. (i) Does each sensor protein detect changes in trans-
membrane solvent gradients or in absolute solvent osmolality?
(ii) Does the sensor detect changes in solvent osmolality di-
rectly, or does it detect solvent-induced changes in the phos-
pholipid membrane? Does the membrane act as an antenna?

TABLE 5. Putative membrane-based osmosensorsa

Osmoregulatory role Function Name Organism Purified/osmosensing
shown in vitro

Unclear Sensor kinase EnvZ E. coli Yes/No

K1 accumulation Transporter TrkEFG(H) E. coli No/No
Sensor kinase KdpD E. colib Yes/No
P-type ATPase KdpFABC E. colib Yes/No

Compatible-solute accumulation Ion-linked transporter ProP E. coli Yes/Yes
S. typhimurium No/No

BetT E. coli No/No
BetP C. glutamicum No/No
OpuE B. subtilis No/No

ABC transporter ProU E. coli No/No
OpuA B. subtilis No/No
OpuC B. subtilis No/No

Cosolvent efflux Channel MscL E. coli Yes/Yes

a The listed proteins have been shown to function as osmosensors (EnvZ, KdpD, and ProP) and/or as osmoregulators (all but EnvZ and KdpD) in vivo and/or in
vitro, and their amino acid sequences are known. Related systems in other organisms have also been characterized (see text).

b Systems structurally and functionally related to E. coli Kdp have been identified in a variety of other organisms (references 278 and 289 and references therein).
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(iii) Does the sensor protein detect membrane changes that are
mechanical and/or chemical in origin?

Since membrane enzymes, in general, are sensitive to mem-
brane perturbation, the experiments that resolve these possi-
bilities must be designed with particular care. For example,
some membrane-based osmoregulatory systems are perturbed
by amphipaths (e.g., procaine and tetracaine [see the examples
below]). However, such compounds are pleiotropic in their
impact on membrane structure and protein activity (see the
reviews cited by Cantor [35]). Interpretation of amphipath
effects in mechanistic terms will therefore require rigorous and
painstaking dissection of coincident outcomes.

K1 Transporters of E. coli

The Trk and Kdp transporters can both be activated to
mediate osmoregulatory K1 uptake by E. coli (2, 6, 7). Trk,
which has a high KM for K1 (estimates of 0.3 to 3 mM),
mediates K1 uptake by E. coli cells cultivated in media with K1

concentrations above approximately 1 mM. It is encoded in
constitutively expressed genes that are dispersed on the chro-
mosome, and it is unlike other transporters in structure. The
KdpFABC transporter, a P-type ATPase with a low KM for K1

(2 mM), is responsible for osmoregulatory K1 uptake only by
severely K1-depleted bacteria (2). Both Trk and Kdp (when
present) are activated within seconds of an osmotic upshift.

K1 fluxes are primary and essential responses of E. coli cells
to osmotic shifts. Since cytoplasmic K1 levels are directly cor-
related with extracellular osmolality (see the summary by Bak-
ker [6]), cytoplasmic rehydration is usually assumed to be the
objective of K1 accumulation. As outlined above, both osmotic
upshifts and ensuing adjustments in the concentration of cyto-
plasmic K1 (and associated ions) influence nucleoid structure,
cellular energetics, cytoplasmic ionic strength and ion compo-
sition, as well as cytoplasmic osmolality. K1 glutamate accu-
mulation may specifically counter the effects of increased mac-
romolecular crowding on nucleoid organization (229), and K1

is also implicated in energy metabolism. Some K1 accumula-
tion occurs even in the presence of osmoprotectants, such as
glycine betaine, which are more effective than K1 in restoring
cellular hydration after an osmotic upshift. All these observa-
tions suggest that the adjustments in cytoplasmic ion compo-
sition (particularly the K1 level) which are triggered by os-
motic shifts meet multiple objectives. If so, the enzymes that
mediate these adjustments are likely to respond to multiple
signals. Regardless of the validity of that prediction, the central
role of K1 in cell physiology has rendered elucidation of the
osmosensory mechanisms associated with K1 uptake particularly
challenging.

Transporter Trk. The homologous proteins TrkG (485
amino acids, encoded in the prophage rac region of the chro-
mosome) and TrkH (483 amino acids) are believed to serve as
alternative integral membrane subunits responsible for K1

translocation in E. coli. Although these proteins are predicted
to span the membrane 12 times, they are not related in se-
quence to other transporters that share this topology. Both
Dm̃H1 and ATP are required for K1 uptake via the Trk system,
but ATP is believed to regulate rather than to drive K1 uptake.
Subunit TrkA (458 amino acids, corresponding to the SapG
protein of S. typhimurium [208]) exists as both cytoplasmic and
membrane-associated forms (26). Its association with mem-
brane-integral subunits TrkG and TrkH is required for K1

uptake. Each half of TrkA includes a Rossman fold as well as
having sequence similarity to the NADH binding domain of an
NAD1-dependent dehydrogenase. TrkA has been demon-
strated to bind NAD1 and NADH, but ATP binding could not

be detected (250). These observations and the involvement of
TrkA and SapG in both K1 uptake and resistance to antimi-
crobial peptides (208) imply that they play a regulatory role.

Mutations in the trkE locus eliminate and impair K1 trans-
port via TrkH and TrkG, respectively. The trkE locus of E. coli
is now known to correspond to the sapABCDF operon of S.
typhimurium. Sequence similarities and the resistance of sap
mutants to protamine, a cationic antimicrobial peptide, suggest
that sapABCDF encodes a peptide transporter of the ABC
transporter class (208). Various lines of evidence indicate that
protamine disrupts energy transduction, that K1 uptake is
required to counter those effects, and that K1 uptake and
peptide resistance are distinct phenomena (5, 262).

The complexities summarized above have, until now, pre-
cluded further analysis of osmosensory mechanisms associated
with the Trk systems. Since they are believed to be the earliest
sensors of and the first respondents to osmotic upshifts in E.
coli, such analysis should remain a particularly high priority for
students of osmosensing.

Transporter Kdp. Although it is best characterized in E. coli,
the Kdp system is ubiquitous (reference 278 and references
therein). The transport function of the Kdp-ATPase from E.
coli is becoming well defined (2). Subunit KdpA is believed to
span the cytoplasmic membrane 10 times and to translocate
K1 in a process involving two sequentially occupied K1 bind-
ing sites (30). The catalytic subunit KdpB, also membrane
associated, accepts phosphate from ATP during the K1 trans-
port cycle (224, 253). The functions of essential subunit KdpC
and hydrophobic peptide KdpF are unknown. K1 transport via
the Kdp-ATPase has been demonstrated in cytoplasmic mem-
brane vesicles provided with an ATP-regenerating system
(130) and was shown to be electrogenic by an electrophysio-
logical analysis involving black lipid membrane-associated
proteoliposomes reconstituted with the purified enzyme (70).
The mechanism by which osmotic upshifts activate the Kdp-
ATPase is unknown, however.

Sensor kinase KdpD. The kdpFABCDE operon encodes the
Kdp-ATPase (KdpFABC) and two-component regulatory sys-
tem KdpDE. An internal promoter mediates low-level kdpDE
transcription, but readthrough of kdpDE from the upstream
kdp promoter has also been observed (218, 286). Altendorf and
Epstein summarized the evidence that KdpD acts via the phos-
phorelay mechanism characteristic of two-component systems
(2). Much effort has been expended to elucidate the basis for
transcriptional regulation of kdp operon expression from the
upstream promoter. Laimins et al. (141) first used expression
of b-galactosidase by bacteria containing a kdpA::lacZ fusion
to demonstrate that transcription of kdpFABC responded to
both low K1 concentrations and increased osmolarity. It is now
well established that the K1 transport phenotype of the bac-
teria determines the threshold K1 concentration below which
kdp transcription is observed. That threshold is approximately
5 mM for bacteria that cannot take up K1 via the KdpFABC
transporter (Trk1 Kdp2) and 50 mM for bacteria unable to
take up K1 via either transporter (Trk2 Kdp2) (141). Fre-
quently, kdp transcription is measured by using a kdp::lacZ
fusion in bacteria that are phenotypically Trk2 and/or Kdp2.

Transcription of a kdp::lacZ fusion was induced transiently
(between approximately 10 and 30 min after the shift) when
diverse salts, sugars, and hexitols were used to elevate medium
osmolarity. Glycerol was not effective, however. The growth
medium salinity (due to NaCl plus KCl) determined the max-
imum extracellular K1 concentration at which kdp transcrip-
tion occurred. Since the cytoplasmic K1 concentration is a
direct function of extracellular osmolarity (see the data sum-
marized by Bakker [6]), Laimins et al. (141) suggested that
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neither the extracellular nor the intracellular K1 concentration
per se controls kdp transcription. Rather, K1 was believed to
influence kdp transcription indirectly, via its effect on turgor
pressure.

The following observations challenge the view that turgor
pressure alone controls kdp transcription. First, kdp transcrip-
tion responds differently to osmotic upshifts of similar magni-
tude imposed with salts and nonionic cosolvents. The latter
induce only transient kdp transcription in both Kdp2 Trk1 and
Kdp2 Trk2 bacteria (4, 83, 141, 267, 269). This characteristic
distinguishes KdpD from other osmosensory systems. It im-
plies that an aspect of the response to an osmotic upshift
imposed with nonionic cosolvents quickly reverses or overrides
the initial stimulus due to elevated extracellular osmolality
whereas that stimulus is maintained in the steady state when
osmotic stress is applied by adding ionic cosolvents. Studies of
osmoregulation are usually, appropriately, focused on cellular
responses that are neither electrolyte nor non-electrolyte spe-
cific. The different responses of the kdp system to ionic and
nonionic cosolvents suggest that elucidation of the sensory
mechanism for KdpD requires the opposite focus.

The fact that organic osmoprotectant uptake attenuates the
transcription of the osmoresponsive loci proP and proU, but
not that of the kdp locus, also contradicts a model in which
turgor pressure alone controls kdp transcription. Like K1 up-
take, osmoprotectant uptake is usually assumed to restore tur-
gor pressure. Finally, Sugiura et al. (266) isolated kdpD muta-
tions that caused K1-insensitive kdp transcription. Diverse
ionic and nonionic cosolvents induced steady-state kdp tran-
scription by the mutant bacteria. This result suggested that K1

and osmotic changes exert their opposing effects on kdp tran-
scription, through KdpD, via distinct mechanisms.

The role of turgor pressure in osmosensing by kdp has been
debated at length. Nevertheless, bacterial turgor pressure is
difficult to measure and hence ill defined. Perhaps most open
to question is the assumption that osmoregulatory K1 uptake,
with or without compatible-solute accumulation, restores tur-

gor pressure (to levels at or below that prevailing before the
stress). Osmosensors are unlikely to detect turgor pressure
(intracellular hydrostatic pressure) directly, not least because
bacterial turgor pressures are much lower than pressure
changes that are known to influence protein conformation and
enzyme activity in vitro (239). Indeed, structural correlates of
turgor pressure changes that could be sensed by KdpD have
been proposed (47). Purification, reconstitution, and mutagen-
esis are now providing experimental systems that will support
the evaluation of these alternatives (Table 6).

The KdpD protein (894 amino acids) includes a central
domain with four cytoplasmic membrane-spanning segments
and little periplasmic exposure (residues 401 to 498) flanked by
extensive cytoplasmic N- and C-terminal domains (310). A
KdpD derivative lacking the membrane domain (Kdp*, lacking
residues 392 through 530) is also associated with the cytoplas-
mic membrane (225). KdpE, a 225-amino-acid cytoplasmic
protein, is a member of the OmpR family of response regula-
tors.

Autophosphorylation of KdpD, KdpD:KdpE phosphotrans-
fer, and dephosphorylation of KdpE phosphate have been ob-
served in vitro by using purified KdpE and membrane vesicle-
associated or purified, proteoliposomal KdpD (112, 195–197,
286). The balance among these activities, set in response to
environmental stimuli, is expected to determine the proportion
of phosphorylated KdpE and hence the transcription of kdp.
Although detergent-solubilized KdpD could bind ATP (112),
autophosphorylation was not observed with either detergent-
solubilized KdpD (112, 195, 196) or deletion mutant Kdp*
(D392–530) (225), in contrast to earlier results (195, 196).
Deletion analysis indicated that at least the first 128 residues of
the N-terminal domain and the membrane domain of KdpD
are implicated in its sensory capability.

The KdpD-KdpE phosphorelay detected in vitro requires
transfer of phosphate from ATP to a KdpD protein domain
that is cytoplasmic in vivo and then ultimately to KdpE. The
expectation that the cytoplasmic domains of KdpD must be

TABLE 6. KdpD mutant phenotypes

Mutationa KdpD domainc

Induction of steady-state kdp expression byc: Catalytic activityc

Low K1
High osmolarity KdpD

kinase
KdpD:KdpE

phosphotransferase
KdpE

phosphataseNaCl Sucrose

Wild type 1 1 —b 1 1 ATP dep
D(12–228) N terminal Weak 2 2 1 1 ATP indep
D(12–395) N terminal Weak 2 2 1 1 ATP indep
D(128–391) N terminal 1 1 2 1 1 ATP dep
C32A N terminal 1 1 2 1 1 1
G37A, K38A, T39C N terminal Weak 2 2 NT NT ATP dep
C256A N terminal 1 1 2 1 1 1
D(392–530) N terminal/TM1 2 2 NT 2 NT NT
C402A TM1 1 1 2 1 1 1
C409A TM1 Constit Constit Constit 1 1 1
C409V, C409Y TM1 Weak 2 2 1 1 1
C409S TM1 1 1 2 1 1 1
D460V TM3 K1 indep 1 1 NT NT NT
G492E TM4 K1 indep 1 1 NT NT NT
E509G C terminal K1 indep 1 1 NT NT NT
H673Q C terminal NT NT NT 2 NT NT
C852A or C852S C terminal 1 1 2 Low 1 1
C874A or C874S C terminal 1 1 2 Low 1 1

a The cited data were reported in references 110–112, 195–197, 225, 226, 267, and 286.
b See discussion in text. Puppe et al. (225) observed stimulation of kdp transcription by sucrose (0.2 to 0.4 M) in bacteria overexpressing the wild-type KdpD protein

in a Trk2 Kdp1 background.
c 1, equivalent to wild type; 2, no activity; indep, independent; dep, dependent; Constit, constitutive; NT, not tested; TM, transmembrane.
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exposed on the external surface of both membrane vesicles
and proteoliposomes (to allow access to exogenous ATP and
KdpE) was confirmed by protease susceptibility (112). Current
in vitro analyses of the phosphorelay therefore are performed
with systems that are topologically inverted in comparison with
the intact cell. Some efforts have been made to determine the
dependence of the KdpD-KdpE phosphorelay on K1 and co-
solvents. These experiments, described below, have involved
(often simultaneous) variation of luminal and exogenous K1

concentration, transmembrane K1 and Na1 gradients, intra-
and extraliposomal ionic strength, and intra- and extraliposo-
mal osmolality.

Using membrane vesicles, Voelkner et al. (286) found KdpD
phosphorylation to be absolutely dependent upon the presence
of both divalent (Mg21 or Ca21) and monovalent (Na1 or K1)
cations. At 0.05 M salt, the phosphorylation level attained with
KCl exceeded that attained with NaCl. In contrast, 0.5 M NaCl
elicited a higher KdpD phosphorylation level than did 0.5 M
KCl. Sucrose did not substitute for NaCl or KCl in this reac-
tion. The levels of KdpE phosphate attained upon addition of
a cytoplasmic extract containing KdpE corresponded to the
available KdpD phosphate. Solvent effects on the phospho-
transfer and phosphatase reactions were not differentiated
from those on KdpD autophosphorylation.

Nakashima et al. (195, 196) measured KdpD autophosphor-
ylation and KdpD-KdpE phosphotransfer in the presence of
added KCl or NaCl (0 to 400 mM) with proteoliposomes pre-
pared in the presence of 0, 100, or 200 mM KCl and with
partially purified KdpD (25 mM Tris HCl as the base buffer).
Autophosphorylation and phosphotransfer appeared to be in-
dependent of the luminal (the equivalent of periplasmic) K1

concentration (and the resulting ionic and osmotic gradients)
in this range (exogenous K1 at 100 mM). Phosphorylation of
KdpE was a function of exogenous salt concentration (NaCl or
KCl; no salt was added during reconstitution), increasing
steadily in the range from 50 to 400 mM. Only net KdpE
phosphorylation, the outcome of the combined in vitro kinase,
transferase, and phosphatase reactions, was measured during
these experiments. Salts also stimulate the phosphorylation of
the response regulator OmpR by the sensor kinase EnvZ, a
system that also responds to osmolality and other stimuli.

Procaine, an amphipathic local anaesthetic, enhanced kdp
transcription in E. coli, but this effect was observed only in
strains expressing K1-insensitive KdpD variants with altered
membrane domains (266). Procaine and chlorpromazine were
also observed to stimulate the phosphorylation of the response
regulator OmpR in a process that required the membrane
domain of the sensor kinase EnvZ. Like the effects of salts, the
effect of procaine on EnvZ was attributed to inhibition of
phospho-OmpR phosphatase (277).

Much remains to be learned about the signal(s) sensed by
KdpD and its sensory mechanism(s). Unlike the ProP trans-
porter (see below), KdpD does not respond clearly to medium
osmolality once it is purified and reconstituted in proteolipo-
somes. Alternative interpretations of the above observations
include the following. (i) The osmotic response of KdpD has
not been reproduced in vitro because KdpD senses turgor
pressure, which has not yet been imposed in vitro. (ii) For
wild-type KdpD, the response to osmotic shifts is often ob-
scured by the operation of other regulatory mechanisms re-
lated to K1 levels, energy metabolism, or nucleoid structure.
The isolation of KdpD derivatives insensitive to those inputs
will allow further elucidation of the osmotic response (Table
6). (iii) KdpD senses changes in cytoplasmic ionic strength as
a manifestation of extracellular osmotic shifts. The salt depen-
dence observed in vitro represents at least one of the regula-

tory mechanisms operative in vivo. (iv) KdpD, in vitro, does
not show the osmotic response characteristic of whole bacteria,
because protein or other macromolecular constituents of the
periplasm or cytoplasm are absent from the in vitro systems.
Such constituents might act on KdpD specifically or collec-
tively (through macromolecular crowding). (v) Finally, KdpD
does not respond to osmotic changes in vitro because the
topology of the in vitro systems is opposite to that of the intact
cell. As a result, the in vitro systems fail to reproduce mechan-
ically induced changes in membrane strain that are sensed in
vivo.

Osmoprotectant Transporters

Some bacterial osmoprotectant transporters, including both
ABC transporters and ion symporters, are activated by an
increase in salinity in the absence of protein synthesis. In some
cases the osmotic origin of this phenomenon has been con-
firmed by demonstrating analogous responses to structurally
dissimilar cosolvents, both ionic and nonionic (Table 4). The
purified E. coli transporter ProP has now been shown to func-
tion as both an osmosensor and an osmoregulator (226). The
rationale for the accumulation of organic cosolvents (osmo-
protectants) in response to osmotic upshifts appears simple:
these cosolvents are preferentially excluded from macromolec-
ular surfaces. Recent research suggests that the related sensory
mechanisms are also relatively simple. Analysis of the osmotic
activation mechanism is most advanced for ion symporters
from Listeria monocytogenes, Corynebacterium glutamicum
(BetP), and E. coli (ProP).

Glycine betaine uptake by L. monocytogenes. Glycine betaine
uptake by L. monocytogenes cells was activated by both osmotic
upshifts (124, 283) and reduced temperature (optimum, 7°C)
(124). Although the dependence of uptake activity on the mag-
nitude of the osmotic shift and on cosolvent chemistry was not
defined, it increased within 2 min after an osmotic upshift and
was maximal within 4 min (124). Osmotically activated glycine
betaine uptake was also observed with cytoplasmic membrane
vesicles. Glycine betaine uptake was absolutely Na1 depen-
dent, and the initial rate was optimal when an osmotic upshift
was imposed with 0.4 M NaCl (79). Both the fold stimulation
of the uptake rate and the osmotic upshift yielding that rate
were cosolvent dependent. KCl and sucrose stimulated the
initial rate of glycine betaine uptake three- and sixfold when
optimal osmotic upshifts of 0.64 and 0.28 osmolal, respectively,
were imposed on vesicles in a medium containing 50 mM Na1

to meet the requirement for Na1 as a coupling ion. (In the
presence of sucrose, the KM for Na1 was 75 mM.) Although
the kinetics of osmotic activation were not defined, transport
proceeded after a lag of approximately 4 min following expo-
sure of the vesicles to a respiratory electron donor and an
osmotic upshift. More recent data indicate that the cold-acti-
vated glycine betaine uptake activity observed in whole cells
was attributable to a second glycine betaine transport system
that is also osmotically activated (124a, 256).

Transporter BetP of C. glutamicum. An absolute depen-
dence on NaCl (optimum concentration, 0.625 M) was ob-
served for glycine betaine uptake by cells of C. glutamicum
cultivated in a complex, high-osmolality medium (brain heart
infusion supplemented with 0.5 M NaCl) and washed with a
cold, low-osmolality buffer (69). Most of this uptake activity
(approximately 90%) was attributable to a Na1/glycine betaine
symporter (KM for Na1, 4 mM) encoded in the betP locus
(213). Upon expression in an E. coli strain lacking endogenous
glycine betaine transporters, BetP activity was optimal when an
osmotic upshift was imposed with 0.2 M NaCl. However, these
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bacteria were cultivated in minimal medium at low osmolality
and not subjected to a cold, low-osmolality wash prior to the
uptake assay. BetP was activated without a measurable lag
when it was expressed in either C. glutamicum or E. coli (213).

BetP (595 amino acids), predicted to span the cytoplasmic
membrane of C. glutamicum 12 times, is similar in sequence to
the choline transporter BetT and the putative carnitine trans-
porter CaiT of E. coli and to the glycine betaine transporter
OpuD of B. subtilis (Table 4). Like BetP, BetT and OpuD
catalyze osmoprotectant uptake and are activated by an os-
motic upshift. CaiT is implicated in anaerobic carnitine catab-
olism and has no known relationship to osmoadaptation. (Os-
moprotection of E. coli by L-carnitine [212] is eliminated by a
proP defect [160].) The hydrophilic N-terminal sequence of
BetP is predicted to be anionic and longer than those of BetT
and OpuD; the C-terminal sequence is predicted to be cat-
ionic.

Peter et al. (214) examined BetP activity by expressing the
transporter from a plasmid in a betP derivative of C. glutami-
cum. Uptake measurements were performed in the presence of
ectoine to suppress a residual glycine betaine uptake activity
that, unlike BetP, mediates ectoine uptake. The measured
Vmax was approximately one-third of that attributable to BetP
in wild-type bacteria. The amphipathic local anesthetic tetra-
caine stimulated BetP activity in a manner dependent upon
both medium salinity (NaCl added to attain osmolalities of
400, 600, and 1000) and tetracaine concentration, with the
optimal tetracaine concentration being in the range 0.6 to 0.8
mM.

Peter et al. (214) also examined the effects of N- and C-
terminal deletions on BetP activity. Since the effects of these
deletions on protein expression were not assessed, the impact
of the mutations on absolute transporter activity could not be
analyzed. For variant transporters with sufficiently high activity
to support reliable determinations (all but two), the KM for
glycine betaine did not differ from that of the wild-type. De-
letion of 20, 32, 49, or 60 N-terminal residues yielded bacteria
that retained glycine betaine uptake activity but required a
larger osmotic upshift than did the wild type for maximal
activation (1.4 M and 0.6 M NaCl, respectively). Deletion of
12, 23, or 32 C-terminal residues yielded glycine betaine up-
take activity that was insensitive to osmotic shifts. Transport
activity was stimulated by NaCl (up to 0.25 M), reflecting the
requirement for Na1 as a coupling ion, but it was not stimu-
lated by sorbitol. Deletion of 23 or 32 C-terminal residues also
reduced the affinity of the transporter for Na1. Deletion of 52
C-terminal residues inactivated the transporter. Thus, both N
and C termini are implicated in the sensory mechanism of
BetP.

Recent evidence suggests that some transporters are subject
to trans inhibition, i.e., inhibition by substrates previously ac-
cumulated within the cytoplasm (220, 223, 259, 283). trans
inhibition of transport may act physiologically to limit compat-
ible-solute accumulation. Since an osmotic upshift can over-
ride this inhibition for some systems, Poolman and Glaasker
(220) suggest that modulation of the transporter-substrate in-
teraction at the cytoplasmic membrane surface may also con-
stitute an osmoregulatory mechanism. trans inhibition of gly-
cine betaine uptake (by glycine betaine) was observed in C.
glutamicum cells expressing wild-type BetP but not in those
expressing the variant lacking 23 C-terminal residues (214).
Thus, both the cytoplasmic glycine betaine level and extracel-
lular osmolality may regulate BetP.

Transporter ProP of E. coli. The ProP transporter of E. coli
catalyzes H1/osmoprotectant symport (160). ProP was acti-
vated with a half time of approximately 1 min when E. coli cells

or cytoplasmic membrane vesicles were subjected to osmotic
upshifts imposed with NaCl or sucrose but not with glycerol
(84, 179). A much larger osmotic upshift was required to elicit
maximal activity in vesicles (0.8 osmolal) than in cells (0.2
osmolal), however (162). Exogenous K1 is required for full
expression of ProP activity in intact cells of both S. typhi-
murium (131) and E. coli (162).

Overexpression of ProP and the addition of six C-terminal
histidine residues (a His tag) facilitated the purification of the
transporter and its reconstitution in proteoliposomes (226).
Neither the KM of the transporter for proline nor its osmotic
activation (in cells) was altered by this addition. ProP activity in
proteoliposomes was absolutely dependent upon the imposi-
tion of a membrane potential (lumen negative) and an osmotic
upshift. NaCl or sucrose (but not glycerol) was effective as a
cosolvent. A further stimulation of uptake was observed when
a pH gradient (lumen alkaline) was imposed. In contrast, an
osmotic upshift imposed with sucrose inhibited the activity of
the Na1/proline symporter PutP, which was purified and re-
constituted under the same conditions. (PutP is implicated in
proline catabolism by E. coli but not in the osmotic stress
response.) Thus, proteoliposomal ProP alone acts as both an
osmosensor and an osmoregulator. Since the imposition of a
membrane potential, in this system, required luminal K1, it has
not yet proven possible to further evaluate the role of K1 in
ProP activity in vitro.

ProP (500 amino acids) is a member of the major facilitator
superfamily and is most closely related in sequence to OusA of
Erwinia chrysanthemi (498 amino acids, 93.6% similarity to
ProP). Plasmid-borne ousA restored osmoprotection by glycine
betaine, proline, and ectoine to an E. coli strain deficient in the
ProP and ProU transporters. Although the corresponding up-
take activities were observed, they were not stimulated when
bacteria cultivated in low-osmolality medium were exposed to
an osmotic upshift (0.5 M NaCl). This failure to observe OusA
activation may have resulted from expression in a heterologous
host or from the magnitude of the imposed osmotic shift. For
ProP in E. coli cells, activity is optimal when an osmotic upshift
is imposed with 0.2 M NaCl and fully inhibited at 0.5 M NaCl.

Citrate and a-ketoglutarate transporters from E. coli and
other organisms, none of which are implicated in the osmotic
stress response, show significant but lower similarity to ProP
and OusA (approximately 30%). Given the absence of struc-
tural detail for this class of proteins, no structural basis for
osmosensing by ProP is obvious from comparisons of their
(putative) membrane integral domains. However, the central
hydrophilic loops of ProP and OusA (between putative trans-
membrane domains 6 and 7) are predicted to be longer than
those of the ProP homologues Cit, Ciu1, and KgtP (formerly
WitA) (50, 82).

PhoA fusion analysis has placed the hydrophilic loop be-
tween transmembrane domains 11 and 12 of the a-ketogluta-
rate transporter KgtP in the periplasm of E. coli (252). Immu-
nochemical analysis of membrane vesicles by using antibodies
raised against a C-terminal peptide suggests that the C termi-
nus of ProP is cytoplasmic, as is observed for other members of
this transporter superfamily (162). Comparison of the topolo-
gies of ProP in cells and proteoliposomes is an immediate
priority. ProP and OusA are distinguished from the related
anion transporters by possessing a carboxyl-terminal extension
comprising six to seven of the heptad repeats characteristic of
a-helical coiled-coil-forming proteins (50, 82). Culham et al.
(50) therefore proposed that the C-terminal extension of ProP
might be involved in its osmotic activation. This hypothesis is
attractive since solvent composition might be expected to in-
fluence the stability and/or conformation of an a-helical coiled-
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coil and/or its interaction with the membrane surface (see
“Solvent-membrane interactions” above). No general coiled-
coil-based mechanism can exist, however, since other osmoti-
cally activated transporters (e.g., BetP) are devoid of this struc-
tural motif.

A peptide replica of the ProP C terminus can form a ho-
modimeric coiled-coil in vitro (278a). A ProP variant lacking
26 C-terminal amino acids is expressed at wild-type levels but
is inactive, regardless of the growth medium or assay medium
osmolality (50a). Thus, the C terminus of ProP has the poten-
tial to mediate homodimer formation and is critical for ProP
activity. Further experimentation is required to determine
whether coiled-coil stability is correlated with osmotic activa-
tion of ProP and whether the C terminus of ProP or OusA
participates in homo- or heteromeric coiled-coil formation in
vivo.

A Tn5 insertion in the distal locus proQ impairs ProP activity
but does not reduce ProP expression (139, 181). The proQ
defect eliminates ProP activity in bacteria cultivated in low-
osmolality media, reduces by 5-fold the magnitude of the ProP
activity attained after an osmotic upshift, and decreases the
rate of ProP activation (the activation half time is increased
2.6-fold). ProQ (232 amino acids) is a cytoplasmic, hydrophilic
protein (139). Since ProP alone can act as an osmosensor,
ProQ must function to fine-tune that response and/or link
ProP activation to other cellular processes. The magnitudes of
the osmotic shifts eliciting maximal ProP activity in cells and
membrane vesicles differ. While ProP is active without an os-
motic shift in cells cultivated in low-osmolality media, proteo-
liposomes and membrane vesicles are devoid of ProP activity
unless an osmotic upshift is imposed. These observations indi-
cate that ProP can exist in fully inactive and active states and
that the status of the signal sensed by ProP differs in intact
bacteria and isolated membranes. This may reflect the absence,
in the vesicle systems, of structural linkages present in whole
bacteria.

Complex signal transduction cascades have now been shown
to mediate the responses of many cells, both prokaryotic and
eukaryotic, to environmental stimuli. On that basis, it may
seem surprising that a molecule with the apparent structural
simplicity of ProP can both sense and respond to osmotic
shifts. Halophiles possess macromolecules that are designed to
function in high-salinity environments. Perhaps ProP (like
some E. coli promoters) represents a class of E. coli molecules
that are designed to function when the cells face environments
with low water activity.

Mechanosensitive Channel MscL of E. coli

Although mechanosensitive channels have been implicated
in the cosolvent efflux that occurs when bacteria are subjected
to osmotic downshifts, the evidence linking specific channels to
specific efflux processes remains limited (see “Cosolvent efflux”
above). Recent evidence suggests that MscL, a mechanosensi-
tive channel with low ion selectivity and high conductance,
opens in response to mechanically imposed membrane stress
or osmotic shifts and mediates K1 efflux from E. coli cells.
Only references of particular significance for osmosensing are
cited below since MscL has been the subject of recent reviews
(75, 268).

Although mscL null mutants are without phenotype under
conditions examined to date, Blount et al. (20) showed K1

leakiness and slow growth in bacteria harbouring mscL muta-
tions K31D and K31E. Both phenotypes were reversed during
cultivation of the bacteria in a high-osmolality medium. In
addition, an osmotic downshift elicited greater K1 loss from

bacteria expressing the variant channels than from those ex-
pressing the wild-type channels, and patch clamp analysis re-
vealed that the variant channels shared increased sensitivity to
mechanical stress. This evidence implicates MscL in osmoad-
aptive K1 efflux but does not indicate whether it also mediates
the efflux of other ions or nonionic cosolvents. Multiple mech-
anosensitive channel conductances have been detected in E.
coli, but the E. coli chromosome encodes no MscL paralogues.
(MscL homologues have been predicted in other organisms,
however.)

MscL appears to detect osmolality changes indirectly as
changes in mechanically imposed membrane stress. The pres-
ence of MscL in the cytoplasmic membrane of E. coli and in
proteoliposomes reconstituted with the purified protein is cor-
related with the presence of a mechanosensitive conductance
detected by patch clamping. The channel is not ion selective,
and its conductance is high (2.5 nS in the presence of 0.2 M
KCl and 0.04 M MgCl2). Voltage-dependent subconducting
states are observed. The relationship between the channel-
open probability and the applied pressure follows the Boltz-
mann distribution.

If it is determined by lateral membrane stress, the channel-
open probability will be more sensitive to an imposed pressure
for patches with large radii of curvature (see equation 11) (86).
According to a simple two-state (open/closed) channel model,
the following relationship would be expected:

ln @PO/~1 2 PO!# 5 ~TDAC 2 DG!/kT (13)

where PO is the channel-open probability, DAC is the stress-
induced increase in channel area in the plane of the membrane
(the channel strain), TDAC is the work done to effect that
expansion, DG is the free energy of the channel transition from
the closed to the open state in the unperturbed membrane, and
k is the Boltzmann constant. This relationship is now being
applied to data correlating channel-open probability with
patch curvature and applied pressure to yield estimates for the
parameters DAC and DG. This effort is required to further test
the assertion that mechanically imposed lateral stress gates
MscL and to define stress-strain relationships for the channel
in comparison to its host membrane.

The pressure required to activate channel conductance was
reduced when various amphipaths (either cationic [e.g., pro-
caine and chlorpromazine] or anionic [e.g., trinitrophenol])
were added to the solution bathing the cytoplasmic surface of
excised E. coli membrane patches (163). The effects of chlor-
promazine and trinitrophenol on patch conductance were com-
pensatory. The authors assumed that the detected channels
were located in the outer membrane and that the amphipaths
partitioned into different membrane leaflets because of mem-
brane lipid asymmetry. On that basis, they suggested that am-
phipaths potentiate channel opening by selectively expanding
one membrane monolayer and imposing membrane bilayer
curvature.

It is now clear that mechanosensitive channels are located in
the cytoplasmic membrane of E. coli, which has unknown lipid
asymmetry, and that channel MscL, at least, can function in the
absence of bulk-phase, transverse lipid asymmetry. Recent ev-
idence suggests that cosolvents and amphiphiles may exacer-
bate or compensate for the lateral pressure that creates intrin-
sic strain in membrane bilayers (61, 153, 161) (see “Solvent
effects on membrane structure” above). The degree to which
they exert these effects may depend on their molecular size,
shape, and charge and hydrogen-bonding capacity as well as on
membrane properties. The response of proteoliposomal MscL
to amphipaths has not yet been reported. Their use may offer
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a means of testing whether both mechanically and chemically
imposed membrane perturbation can activate this channel.

MscL is a homohexamer composed of a 136-amino-acid,
largely a-helical protein that crosses the cytoplasmic mem-
brane twice, with a small periplasmc loop (approximately res-
idues 50 to 69) and cytoplasmic N and C termini (approximate-
ly residues 1 to 15 and 111 to 136, respectively). Although the
MscL carboxyl-terminal sequence (residues 104 to 136) is con-
served among MscL homologues, its deletion failed to alter the
mechanosensitivity, unit conductance, or kinetics of the chan-
nel. These characteristics were very sensitive to N-terminal
modifications, however. Point mutations that alter channel
properties are now being described. Changes in the channel
properties of variants with mutations at Q56 were correlated
with changes in patch-clamping bath composition in a manner
that substantiated its periplasmic location. Mutations K31D
and K31E, predicted to fall within the N-terminal transmem-
brane domain of MscL, yielded channels with enhanced sen-
sitivity to mechanical stress (20).

The following questions regarding osmosensing and osmo-
regulation by MscL can now be addressed: (i) What role does
MscL play in the osmotic stress response of E. coli? Does it
mediate fluxes of both ionic and nonionic cosolvents? If so, is
it selective? (ii) How do voltage, membrane stress, and solvent
composition influence the open probability of MscL? Can it
respond to both mechanically and cosolvent-induced mem-
brane stresses? (iii) Can MscL substates (defined electrophysi-
ologically) be correlated with structural perturbations of MscL
to map the process of channel gating? (iv) What is the nature
of the protein-protein and protein-lipid interactions that allow
MscL channels to open at a membrane stress insufficient to
cause (presumably less specific) solute leakage via the mem-
brane lipid phase (see, e.g., references 66 and 94)? How does
channel opening depend upon changes in MscL secondary,
tertiary, and quaternary structures?

CONCLUSION

Analyses of solvent-macromolecule and solvent-membrane
interactions have revealed mechanisms by which osmosensors
might detect changes in solvent osmolality, either directly or
through their impact on cell structure. If different forms of a
sensor (“off” and “on”) interact differently with solvent, a
change in solvent composition can trigger a change in sensor
form (Fig. 2 to 4). In principle, an osmosensor could detect
changes in water activity and hence lack cosolvent specificity.
In practice, however, bacterial osmosensors may be designed
to detect collective changes in the intracellular concentration
of individual or chemically similar cosolvents that result from
changes in extracellular osmolality. Examples of such cosol-
vents (or cosolvent groups) might include (i) cosolvents that
elevate cytoplasmic ionic strength, (ii) cosolvent molecules that
interact differently with the surfaces of the “off” and “on”
conformations of the osmosensor, (iii) cosolvent molecules
large enough to be sterically excluded from the osmosensor
surface or from solvent-filled cavities within the osmosensor,
and (iv) cosolvent molecules large enough to effect macromo-
lecular crowding. One or more of these principles may also
underlie osmotic induction of genes or operons which occurs
without the participation of locus-specific trans-acting regula-
tory elements (e.g., proP and proU [Table 3]).

Osmotic shifts elicit dramatic changes in bacterial cell struc-
ture. It is therefore reasonable to suppose that some osmosen-
sors may be designed to detect these structural changes. Since
it is difficult to precisely describe the effects of osmotic shifts on
turgor pressure and on structural elements within intact cells,

it is not currently possible to deduce osmosensory mechanisms
by whole-cell experimentation. The cytoplasmic membrane is
clearly a primary osmosensory locus (Table 5). Purified pro-
teins ProP and MscL of E. coli, both cytoplasmic membrane
constituents, respond to osmotic shifts and mechanical stimuli,
respectively, when incorporated in proteoliposome systems in
vitro. These experimental systems can now be exploited to
further define the signal detected by each osmosensor, the
resulting structural change in the osmosensor, and the role of
the membrane. Further analysis of these sensory mechanisms
may also offer new insights into the disposition of the cytoplas-
mic membrane, in vivo, and its perturbation by osmotic shifts.
For example, indications that cosolvent accumulation by intact
cells is a net consequence of transporter-mediated uptake and
mechanosensitive channel-mediated leakage suggest that at
least some regions of the cytoplasmic membrane in intact cells
experience mechanically imposed membrane strain.

Students of membrane biophysics have predicted that vari-
ations in membrane strain modulate the activities of mem-
brane enzymes (85). Membrane-based osmosensors (e.g., ProP
and MscL) will now be used as probes to test that prediction.
Just as the corpus of research on membrane physical proper-
ties will now serve as a resource to students of osmosensing,
studies of osmosensory mechanisms may reveal which mem-
brane properties make physiologically significant contributions
to membrane strain.

APPENDIX

Correlation of osmoregulatory responses with changes in turgor
pressure, volume, and compartmentation for bacterial cells is a pri-
mary goal of research on osmosensing. This Appendix summarizes
techniques that may be applicable to this problem and offers comments
on their limitations.

Measurement of Turgor Pressure

The available techniques for the detection and monitoring of turgor
pressure include (i) direct monitoring of individual cells with a micro-
scopic pressure probe (102), (ii) cytoplasmic freezing-point analysis of
whole cells (187), (iii) analysis of the relationship between extracellular
osmolality and the pressure-induced collapse of cytoplasmic gas vesi-
cles (154, 215, 216, 290), (iv) comparison of the osmolalities of extra-
cellular media and corresponding cell extracts (260), and (v) analysis of
the relationship between cell volume and extracellular osmolality (the
plasmolysis titration) (200, 294).

Techniques i and ii have so far been applied only to the large cells
of plants, algae, and fungi. It remains to be determined whether bac-
terial cells sufficiently large to admit pressure probes (for technique i)
or to accommodate the necessary microscopic analysis (for technique
ii) can be created through genetic manipulation and/or antibiotic treat-
ment. Technique iii is applicable only to the limited array of organisms
(Bacteria and Archaea) that construct gas vesicles. The recent expres-
sion of Bacillus megaterium gas vesicles in E. coli (154) suggests that it
may be used more widely. Pinette and Koch (215, 216) applied the gas
vesicle technique to Ancylobacter aquaticus cells to test the hypothesis
that turgor pressure would vary during the cell cycle for these gram-
negative rods. Their results suggested that the cell wall was elastic and
that cells varied quite widely in turgor pressure but revealed no sys-
tematic correlation between turgor pressure and cell size (age). It
remains to be determined whether this technique will permit the eval-
uation of osmoregulatory turgor pressure modulation. Difficulties to
be overcome include the variability of collapse pressure among gas
vesicles and among cells, as well as the sensitivity of collapse pressure
to postharvesting changes in the bacteria. Techniques iv and v can be
applied to all cells. Turgor pressure estimates obtained by techniques
i to iii are independent of cell volume estimation and assumptions
regarding cell surface properties (discussed above), whereas those
obtained by techniques iv and v are not. As a result, the estimation of
cell volume and subcellular compartmentation assumes particular im-
portance for studies of osmosensing.
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The cell volume within which turgor pressure exists is, of course, that
bounded by the cell surface layer upon which turgor pressure acts. If
the cell surface can be assumed to constitute a single semipermeable
layer (as is usually assumed for gram-positive bacteria), the relevant
volume is that of the cytoplasm. For certain euryhaline algae and plant
cells, the vacuole has been considered the relevant compartment since
the cytoplasm constitutes a thin layer of relatively constant volume
underlying the cell wall (89). Cells that include multiple semiperme-
able surface layers (e.g., gram-negative bacteria) are composed of
concentric compartments which may differ in hydrostatic pressure. It
has been assumed that the periplasm and cytoplasm have the same
osmolality. This interpretation was consistent with one set of measure-
ments performed on S. typhimurium cells cultivated in a low-osmolality
medium (260). It has not been widely tested, however. On the basis of
this interpretation, the cytoplasm and periplasm would experience
equal turgor pressure, and this turgor pressure would be exerted on the
outer membrane!

Application of technique v (the plasmolysis titration) is based on the
assumption that as the extracellular osmolality is elevated, the turgor
pressure is reduced to zero. Beyond this point, the cell (cytoplasmic)
volume adjusts according to equation 2, with the cytoplasmic mem-
brane acting as a fluid surface with high elastic modulus (k) and
constant surface area. Thus

Vcell 2 VNO a (Osmi)
21 (14)

where Vcell is the total cell volume and VNO is the nonosmotic volume,
i.e., the portion of the cell volume not responsive to extracellular
osmolality changes (see, e.g., references 38, 260, and 294). A linear
dependence of Vcell 2 VNO on the reciprocal of extracellular osmolality
is taken as indicative of this behavior. Since intra- and extracellular
osmolalities must be equal when turgor pressure is absent, intracellular
osmolality is read off such plots and corrected for the difference be-
tween the corresponding osmotic volume (Vcell 2 VNO) and the esti-
mated osmotic volume of unplasmolyzed cells. Cells are usually de-
prived of nutrients to prevent metabolic activity from altering
intracellular osmolality or other cellular properties during the plasmol-
ysis titration.

Measurement of Cell Volume and Compartmentation

Available techniques for the measurement of cell volume and com-
partmentation include (i) light and electron microscopy, (ii) determi-
nations of the conductance of cell suspensions (with the Coulter
counter or analogous instrumentation) (134, 137), (iii) (comparisons of
the distributions of H2O and solutes within cell suspensions (260), and
(iv) examinations of light scattering by cells and subcellular fractions
(93, 128, 282). Technical limitations associated with each technique are
discussed in the cited references, and issues of particular importance
for studies of osmosensing are covered below.

Estimation of cell volume with the Coulter counter, a process de-
veloped by Kubitschek and colleagues (134, 135), depends upon com-
parison of electrical current interruption by cells and by particles of
known size, suspended in a liquid electrolyte, as they pass through a
small orifice. It is based on the assumption that current does not pass
through the periplasm or cytoplasm. Kubitschek and Friske (137) dem-
onstrated that for E. coli cells from exponential- and stationary-phase
cultures, mean cell volumes estimated with the Coulter counter and by
[14C]inulin exclusion (see below) were the same. This technique is
relatively noninvasive and can provide rapid estimates of total cell
volume. It is important to note that such cell volume estimates may be
cell shape dependent, an issue of particular importance if cells com-
pared in this way are likely to differ in shape as well as size.

Measurements of the relative distributions of water and solutes
within cell suspensions yield estimates of total cell water (Wcell),
periplasmic water (Wperi), cytoplasmic water (Wcyto), and hence the
distribution of cell water between the cytoplasm and periplasm (sub-
cellular compartmentation). Such measurements are based on the
assumption that tritiated water equilibrates with all cellular water
whereas other (usually 14C-labelled) hydrophilic solutes are physiolog-
ically inert and are excluded from particular cellular compartments
only on the basis of their molecular size. Large, polymeric solutes (e.g.,
dextran, inulin, or PEG) are assumed to be excluded by the cell wall,

and certain small, hydrophilic isolates (e.g., stachyose, sucrose, taurine,
sorbitol, or mannitol) are assumed to penetrate the periplasm but to be
excluded from the cytoplasm. Clearly, these assumptions must be jus-
tified experimentally for each solute-organism pair. Once water and
solutes have equilibrated with a bacterial suspension, it is centrifuged,
and the recovery of each solute in the pellet and supernatant is then
compared to calculate, by difference, the volume of water associated
with each cell compartment. Rottenberg (238) and Kashket (117)
discussed this approach to the estimation of cytoplasmic water in a
bioenergetic context.

Cayley et al. (38) extended this technique to determine the propor-
tions of cell volume occupied by molecules other than water. Recog-
nition of this issue is important since, given the large contributions of
macromolecules to the volumes of cellular compartments (discussed
above), estimates of water content cannot be taken as volume esti-
mates for the corresponding compartments. By using cytoplasmic wa-
ter as an estimator of cytoplasmic volume during plasmolysis titrations,
researchers assume that all cytoplasmic volume changes result only
from osmotically induced water flux across the cytoplasmic membrane.
They thereby neglect possible changes in hydration of cytoplasmic
molecules and in the accessibility of water to the probe solute.

The water contents of cells and their compartments, estimated by
solute exclusion, are usually reported per unit cell mass or cell protein,
not per cell. They thus provide population estimates, not “cell” esti-
mates. Important information may be lost and erroneous conclusions
may be drawn when populations which differ in cell shape and size (or
shape and size distribution) are compared. It would therefore be help-
ful if these measurements were routinely combined with enumeration
of cells and/or estimation of cell size and shape distributions (see
“Osmoregulation, turgor pressure, cell growth, and cell division”
above).

Two additional issues must be addressed if the solute exclusion
technique is to be used effectively during studies of osmoadaptation.
First, concentrated cell suspensions (cell slurries) are often used and
cells are recovered as pellets to ensure that the errors in the required
difference measurements are acceptably low. Slurries and pellets com-
posed of respiration-competent bacteria are inevitably anaerobic and
often nutrient limited. This may be desirable if the goal is to estimate
the properties of “resting” cells, but efforts must be made to demon-
strate whether changes in cell structure and physiology pertinent to
osmoadaptation have occurred during such sample preparation. (For
example, using taurine as probe, Castle et al. [37] measured cytoplas-
mic volumes of 1.25 ml z mg [dry weight]21 and 1.8 ml z mg [dry
weight]21 for respiring and glycolyzing E. coli cells, respectively.) On
the other hand, measurements may be made on metabolically active
cells from dilute cell suspensions if they are recovered by centrifuga-
tion through silicone oil (see, e.g., reference 56).

Second, difficulties arise if assumptions regarding solute distribution
are not justified. In addition to its size, the chemical nature of the
probe solute may be important. For example, if solutes are accumu-
lated in or excluded from macromolecule-associated water (see be-
low), the volume associated with that water will be incorrectly attrib-
uted. If a solute (or a contaminant) is not metabolically inert but,
rather, is accumulated in or excluded from the cytoplasm, the water
content of the cytoplasm will be under- or overestimated and the water
content of the periplasm will be over- or underestimated, respectively.
For example, contrary to early assumptions, taurine is a low-affinity
substrate for the osmoregulatory transporter ProP of E. coli (167).
ProP is constitutive, it is activated at a biochemical level by osmotic
upshifts, and expression of proP is also induced when the bacteria are
cultivated in high-osmolality media. Although ProP will not mediate
active solute uptake, it may facilitate solute entry into the cytoplasm in
deenergized bacteria. Clearly, efforts must be made to validate the
assumption of passive solute distribution into only the expected cellu-
lar compartment(s) when this technique is applied for the first time to
new organisms and when its application is extended to organisms
cultivated under new conditions.

Applications of Light-Scattering Spectroscopy

Turbidimetric techniques provide an attractive alternative to micros-
copy and solute distribution measurements since, in principle at least,
they can be applied rapidly and continuously to dilute cell suspensions
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without perturbing cell structure and physiology. Sophisticated instru-
mentation may be required to obtain interpretable results, effects of
cellular polydispersity may be difficult to assess, and, as a result, long
sample acquisition times may compromise the fundamentally nonin-
vasive nature of this technique. The intensity of light scattered by a
suspension of cells in a liquid medium depends upon instrumental
parameters as well as on the properties of the cells and their suspend-
ing medium. In terms of instrumentation, the critical factors are the
wavelength of the incident light in the experimental medium, its po-
larization, and the angle(s) to the incident beam at which scattered
light is detected.

When turbidimetric measurements are made with a conventional
spectrophotometer, the incident light is unpolarized and usually has a
wavelength (in the range 0.4 to 0.7 mm) comparable to cellular dimen-
sions (0.3 to 3.0 mm). The detector captures light transmitted over a
wide range of angles from 0° through approximately 20° to the incident
beam. The total intensity of all light scattered at wider angles to the
incident beam, which is the integral of intensity over those wider
angles, is determined as the difference between the intensity of the
incident light and that of the transmitted light. When analogous mea-
surements are made with a modern light-scattering spectrometer, on
the other hand, the incident light (usually originating from a helium-
neon laser and with a wavelength of 632.8 nm) may be polarized. The
intensity of the scattered light is measured directly and (either sequen-
tially or simultaneously) at a series of angles to the incident beam
(potentially from approximately 5° [forward scatter] through 180°
[back scatter]).

The intensity of light scattered by cells in suspension depends on
their concentration and the distributions of their sizes, their shapes,
and the differences between their refractive indices and the refractive
index of their suspending medium. Equations relating the intensity of
scattered light to the listed instrument parameters and to particle size,
shape, and refractive index are well known for certain particle popu-
lations. The applicability of each model depends on the relationship
between particle size and the wavelength and polarization of the inci-
dent light (128, 282). Monodisperse populations of spheres, cylinders,
and ellipses (and combinations of these shapes) have been considered
in this way. The derived relationships usually apply specifically to solid
particles or to thin-shelled particles, where the shell thickness and the
refractive indices of the particle or of the particle shell and the particle
lumen are critical. In some cases, scattering by polydisperse particle
populations has also been predicted. These derivations and their ex-
perimental application to simple particle systems reveal that detailed
information about particle size, shape, refractive index, and even poly-
dispersity can be obtained if the incident light is polarized and the
scattered-light intensity is measured as a function of scattering angle.

Light-scattering spectroscopy has potential for the study of bacterial
cells, but they must be recognized as complex particles with internal
structures that may change as a consequence of solvent perturbations.
Turbidimetric measurements performed with a conventional spectro-
photometer cannot be interpreted, a priori, in terms of any single
particle characteristic such as size, shape, or refractive index. In the
flow cytometer, light absorption, fluorescence, and/or scattering by
individual particles is measured as they pass appropriate detectors in
single file (22, 128). The issue of polydispersity is therefore addressed
directly through individual examination of large numbers of particles,
but other issues outlined above also apply to these measurements.
Each of these techniques can be effectively applied to detect rapid
cellular changes due to solvent perturbation, but the origins of those
changes may be difficult to assign unequivocally. Indeed, in dynamic
systems, structural changes may go undetected if simultaneous changes
to multiple particle characteristics have opposing effects on light-scat-
tering intensity and/or if only total scattered light intensity is measured.
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75. Garcı́a-Añoveros, J., and D. P. Corey. 1997. The molecules of mechanosen-
sation. Annu. Rev. Neurosci. 20:567–594.

76. Garcia-Romeu, F., F. Borgese, H. Guizouarn, B. Fievet, and R. Motais.
1996. A role for the anion exchanger AE1 (band 3 protein) in cell volume
regulation. Cell Mol. Biol. 42:985–994.

77. Garner, M. M., and M. B. Burg. 1994. Macromolecular crowding and
confinement in cells exposed to hypertonicity. Am. J. Physiol. 266:C877–
C892.

78. Gennis, R. B. 1989. Biomembranes: molecular structure and function.
Springer-Verlag, New York, N.Y.

79. Gerhardt, P. N. M., L. T. Smith, and G. M. Smith. 1996. Sodium-driven,
osmotically activated glycine betaine transport in Listeria monocytogenes
membrane vesicles. J. Bacteriol. 178:6105–6109.

80. Glaasker, E., W. N. Konings, and B. Poolman. 1996. Glycine betaine fluxes
in Lactobacillus plantarum during osmostasis and hyper- and hypo-osmotic
shock. J. Biol. Chem. 271:10060–10065.

81. Glaasker, E., W. N. Konings, and B. Poolman. 1996. Osmotic regulation of
intracellular solute pools in Lactobacillus plantarum. J. Bacteriol. 178:575–
582.

VOL. 63, 1999 OSMOSENSING BY BACTERIA 257



82. Gouesbet, G., A. Trautwetter, S. Bonnassie, L. F. Wu, and C. Blanco. 1996.
Characterization of the Erwinia chrysanthemi osmoprotectant transporter
gene ousA. J. Bacteriol. 178:447–455.

83. Gowrishankar, J. 1985. Identification of osmoresponsive genes in Esche-
richia coli: evidence for participation of potassium and proline transport
systems in osmoregulation. J. Bacteriol. 164:434–445.

84. Grothe, S., R. L. Krogsrud, D. J. McClellan, J. L. Milner, and J. M. Wood.
1986. Proline transport and osmotic stress response in Escherichia coli K-12.
J. Bacteriol. 166:253–259.

85. Gruner, S. M. 1994. Coupling between bilayer curvature elasticity and
membrane protein activity, p. 129–149. In M. Blank and I. Vodyanoy (ed.),
Biomembrane electrochemistry. American Chemical Society, Washington,
D.C.

86. Gustin, M. C., X.-L. Zhou, B. Martinac, and C. Kung. 1988. A mechano-
sensitive channel in the yeast plasma membrane. Science 242:762–765.

87. Gutierrez, C., T. Abee, and I. R. Booth. 1995. Physiology of the osmotic
stress response in microorganisms. Int. J. Food Microbiol. 28:233–244.

88. Gutierrez, C., S. Gordia, and S. Bonnassie. 1995. Characterization of the
osmotically inducible gene osmE of Escherichia coli. Mol. Microbiol. 16:
553–563.

89. Gutknecht, J., D. F. Hastings, and M. A. Bisson. 1978. Ion transport and
turgor pressure regulation in giant algal cells, p. 125–174. In G. Giebisch
(ed.), Transport across multi-membrane systems. Springer-Verlag KG, Ber-
lin, Germany.

90. Guttman, H. J., S. Cayley, M. Li, C. F. Anderson, and M. T. Record, Jr.
1995. K1-ribosome interactions determine the large enhancements of 39K
NMR transverse relaxation rates in the cytoplasm of Escherichia coli K-12.
Biochemistry 34:1393–1404.

91. Ha, J.-H., M. W. Capp, M. D. Hohenwalter, M. Baskerville, and M. T.
Record, Jr. 1992. Thermodynamic stoichiometries of participation of water,
cations and anions in specific and non-specific binding of lac repressor to
DNA: possible origins of the “glutamate effect” on protein-DNA interac-
tions. J. Mol. Biol. 228:252–264.

92. Haardt, M., B. Kempf, E. Faatz, and E. Bremer. 1995. The osmoprotectant
proline betaine is a major substrate for the binding-protein-dependent
transport system ProU of Escherichia coli K-12. Mol. Gen. Genet. 246:783–
786.

93. Hallett, F. R. 1996. Size distributions from static light scattering, p. 477–493.
In W. Brown (ed.), Light scattering: principles and development. Clarendon
Press, Oxford, United Kingdom.

94. Hallett, F. R., J. Marsh, B. G. Nickel, and J. M. Wood. 1993. Mechanical
properties of vesicles. II. A model for osmotic swelling and lysis. Biophys.
J. 64:435–442.

95. Harold, F. M., and N. P. Money. 1995. What forces drive cell wall expan-
sion? Can. J. Bot. 73(Suppl. 1):S379–S383.

96. Harold, R. L., F. M. Harold, and N. P. Money. 1996. Growth and morpho-
genesis in Saprolegnia ferax: is turgor required? Protoplasma 191:105–114.

97. Hatanaka, Y., K. Kinoshita, and M. Yamazaki. 1997. Osmotic stress in-
duces a phase transition from interdigitated gel phase to bilayer gel phase
in multilamellar vesicles of dihexadecylphosphatidylcholine. Biophys.
Chem. 65:229–233.

98. Hazel, J. R., and E. E. Williams. 1990. The role of alterations in membrane
lipid composition in enabling physiological adaptation of organisms to their
physical environment. Prog. Lipid Res. 29:167–227.

99. Hildebrandt, E. R., and N. R. Cozzarelli. 1995. Comparison of recombina-
tion in vitro and in E. coli cells: measure of the effective concentration of
DNA in vivo. Cell 81:331–340.

100. Horlacher, R., and W. Boos. 1997. Characterization of TreR, the major
regulator of the Escherichia coli trehalose system. J. Biol. Chem. 272:13026–
13032.

101. Houssin, C., N. Eynard, E. Shechter, and A. Ghazi. 1991. Effect of osmotic
pressure on membrane energy-linked functions in Escherichia coli. Biochim.
Biophys. Acta 1056:76–84.
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